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Abstract 
Primary biological aerosol (PBA) particles include bacteria, fungal spores, pollen 
and animal and plant debris. They are ubiquitous in the atmosphere and form a 
transmission vector for animal and plant disease. Several studies also suggest PBA 
are important in cloud ice processes despite being present at relatively low 
concentrations. Biodiversity changes caused by human activity may therefore have 
climate impacts through cloud-aerosol interactions, and improved methods are 
required to characterise PBA size distributions, sources and sinks on a global scale. 
Natural and anthropogenic sources contribute PBA while several processes remove 
it from the atmosphere. It therefore exhibits strong temporal and geographical 
variations in concentration. Published measurements involve several collection and 
offline analysis techniques, which are difficult to compare directly and generally 
feature low time resolution. This means PBA are poorly characterised globally and 
specific meteorological influences are difficult to identify. Light-induced 
fluorescence (LIF) offers a rapid, consumable-free method of measuring PBA size 
distributions, however false-positive results can contribute outdoors and LIF cannot 
resolve specific biological species.  
This thesis describes the use of a Wide Issue Bioaerosol Spectrometer version 3 
(WIBS-3): a novel LIF instrument that records particle diameter, shape and 
fluorescence following excitations at two wavelengths. Its response to samples of 
PBA, non-PBA and calibration particles was assessed in the laboratory, and three 
outdoor studies are discussed at length: Below and above a tropical rainforest 
canopy (Malaysia); in an urban location (Manchester); and at a high-altitude 
background site (Puy de Dôme, France). The likely sources of fluorescent aerosol 
are identified at each site: Fungal spore release was triggered by rainfall in Borneo; 
increased fluorescent concentrations were linked to traffic activity in Manchester 
and a strong diurnal cycle in France was attributed to boundary layer depth. The 
limitations and benefits of the different WIBS-3 measurement channels are also 
discussed, along with comparisons of fluorescent particle concentrations with 
published and in-situ PBA measurements.  
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False-positives are found to play a strong role outdoors away from PBA sources 
such as tropical forest, and a ubiquitous background of fluorescent non-PBA was 
detected using one excitation wavelength. A shorter excitation wavelength appears 
more capable of discriminating between PBA and false-positives. Basic PBA 
emission rates are calculated using data from these studies and tropical rainforests 
are concluded to be the largest source of PBA mass globally. 
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1.  Aerosols 
An aerosol particle is defined as a liquid drop or solid particle suspended 
in a fluid (such as air).  Aerosol particles are diverse in chemical composition and 
size, with diameters from ~1 nm to ~100 µm. An aerosol particle is classed as 
primary or secondary depending on how it came to be present in the atmosphere in 
the particle phase: a primary aerosol is emitted directly into the atmosphere, such as 
dust from a desert. A secondary aerosol particle is formed in the atmosphere by the 
condensation of gas molecules onto one another or the surface of an existing 
particle. The land and sea surfaces are large sources of primary aerosol mass, which 
is dominated by particles larger than around 1 µm. Agricultural, industrial and 
desert dusts total 1500—2000 Tg yr-1, sea salt emission is estimated by global 
models to be 16,300 Tg yr-1 ± 200% (IPCC, 2007) and  biological particle 
emissions from land are thought to be typically 50—100 Tg yr-1 (Ramanathan et al., 
2001).  The emission of primary particles from land and sea surfaces are discussed 
in this chapter, along with measurement techniques and the importance of aerosols 
in atmospheric processes. 
1.1.  Aerosol size modes 
Aerosol particles are found in a wide range of sizes because different 
production and removal mechanisms contribute at different sizes.  The spectrum is 
loosely divided into three size ranges, summarised in Figure 1: the nucleation, 
accumulation and coarse modes. 
The Aitken (or nucleation) mode (1—10 nm) contains the largest number of aerosol 
particles.  These are formed by the condensation of gases - a process known as 
homogeneous nucleation. Biological particles are not found in the atmosphere at 
this size and this material frequently includes emissions from car exhausts and other 
combustion processes involving heated gases that condense as they cool. These 
particles are removed from the Aitken mode by diffusion to surfaces or by growing 
into the accumulation range by coagulation with other particles or continued 
condensation. 
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Figure 1  Summary of the major contributions to each aerosol size mode (taken from Seinfeld 
and Pandis, 1998). 
The accumulation mode (0.05—1 µm) is so-called because the number of particles 
in this size range tends to accumulate in the atmosphere since a number of 
production mechanisms contribute to it while removal processes are inefficient.   It 
includes smaller mineral dust particles, soot, individual bacteria and sea salt as well 
as the grown particles from the Aitken regime.  It is important to atmospheric 
chemistry as it provides a large and long-lived airborne surface area on which 
reactions can take place.  The accumulation size mode spans the visible and infra-
red wavelengths, therefore this aerosol has the strongest direct effect of any on the 
radiation budget of the Earth.  The direct and indirect effects of aerosol are 
described later in this chapter.   
The coarse mode (> 1 µm) contains the largest aerosol.  It is usually generated by 
mechanical processes such as the wind generating soil dust and sea spray, the 
ejection of volcanic ash or the forcible ejection of fungal spores (discussed in detail 
in the next chapter). Coarse particles are few in number because they are readily 
removed from the air by gravity but dominate the total aerosol mass, and this is 
where their importance lies. The available mass is useful in the propagation of 
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plants and bacteria as it means a supply of nutrients and a tough protective shell can 
be included.  This has consequences in human, animal and plant health because 
potentially toxic or pathogenic material is deposited in the lungs.   
As PBA occupies the larger accumulation and coarse size modes, it has some 
production mechanisms in common with non-PBA: 
1.1.1.  Aeolian suspension 
Higher wind speed above a dust surface causes more dust to be suspended, 
but the process is not straightforward.  The layer of air less than 1 mm thick directly 
above any surface is dominated by viscous forces, thus the velocity of the flow here 
is never high enough to move small particles directly.  The equation for the critical 
wind velocity (u*) needed to dislodge a sphere of diameter d (Pye, 1987) is: 
u
*
= A
ρP gd
ρA
  
Where g = 9.81 ms-2, ρA is the density of air, ρP is the density of the particle and A 
is ~0.1, and changes slightly depending on the Reynolds number of the flow.  
Higher values of u* than are found in the atmosphere are needed to move particles 
smaller than ~40 µm in diameter (Twomey, 1977) but for larger particles it 
becomes more realistic. The resulting process is known as saltation, where larger 
particles are driven by the wind, then collide with obstacles. The particles produced 
by these collisions are thrown several centimetres clear of the viscous layer, where 
they are suspended. It has been observed that disturbance of soil surfaces by 
agriculture, construction and traffic lowers the threshold u* significantly (Gillette et 
al., 1997), as well as directly suspending material. This process favours the 
suspension of coarse mode particles as large as 1 mm but sub-micron particles do 
not clear the viscous layer. 
Gillette et al. (1997)  found that the upward flux of PM10 (the mass of particles 
smaller than 10 µm in diameter) during a dust storm was correlated with the 
horizontal mass flux, which increases further downwind. The reason for this 
increase is that more than one particle is dislodged in a saltation event, and these 
each go on dislodge multiple particles. This results in a cascade effect, with 
increasing vertical and horizontal flux further downwind. 
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1.1.2.  Marine aerosol generation 
Sea salt, algae and other water-borne particles sized ~0.1—100 µm are 
suspended when a bubble bursts on the surface, producing airborne liquid drops 
that subsequently evaporate, leaving the residue airborne. This happens most 
commonly when air bubbles associated with whitecap waves burst at the water 
surface (e.g. Reinke et al., 2001; Lewis and Schwartz, 2000). These require 
minimum wind speeds of around 4ms-1 (O'Dowd and de Leeuw, 2007): 
1. Film: When the bubble film shatters, thousands of droplets that contain 
material are released and presented to the wind. Droplet radius is typically smaller 
than 1 µm. This is depicted by “t1” in Figure 2. 
2. Jet: the air pressure inside the bubble is higher than outside so the water 
surface is slightly depressed. After shattering, water moves radially inwards (“t2” in 
Figure 2). When this ripple reaches the centre it forces up a thin jet that breaks into 
droplets (“t3” in Figure 2).  This produces droplets sized ~1—25 µm. 
 
Figure 2  Bubble-burst droplet production, taken from Reinke et al. (2001) 
3.  Spume: When wind speeds exceed ~5 ms-1, droplets can be removed 
directly from wave crests (e.g. O'Dowd and de Leeuw, 2007). This produces 
airborne droplets as large as 0.1—1 mm.  These three mechanisms each contribute 
a component to the typically broad marine aerosol size spectrum.   
1.1.3.  Resuspension 
Material deposited on a surface can be removed by saltation or mechanical 
disturbance. Examples of this include desert dust storms and the increase in road 
dust aerosol (which sometimes contains PBA) when a vehicle is driven over it.  The 
mechanical shaking of a surface can also overcome the weak adhesive forces 
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coupling it to particles, although these forces are stronger when the surface is damp 
(e.g Fowler et al., 2009).   Resuspension can also occur during rainfall: A raindrop 
gathers any particles it collides with on its journey from cloud base to ground level. 
Some of these particles are suspended when the drop hits the ground and shatters, 
casting off smaller droplets that subsequently evaporate (e.g. Gregory, 1973). 
1.1.4.  Aerosol number size distributions 
The combination of sources, removal and resuspension processes at a 
measurement site are manifested in the aerosol particle size distribution, which is 
intrinsically log-normally distributed.  Figure 3 contains mean distributions from 
the three major types of environment: urban, continental (away from urban sources) 
and marine.   
 
Figure 3  Typical urban (black line), continental (red) and marine (blue) aerosol particle size 
distributions, adapted from Wallace and Hobbs (2006a) 
Urban aerosol concentration is high at small sizes because of combustion processes, 
and dust emissions are also high because of road dust resuspension and industrial 
activity.  The oceans are generally weaker sources of small particles but are more 
important for larger particles, primarily in the form of sea salt (secondary particle 
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formation also occurs over the ocean). Continental aerosol is made up of aged 
material transported from urban and marine locations, with biological, agricultural 
and Aeolian suspension the dominant sources here. 
1.2.  The importance of aerosols in atmospheric processes 
The ubiquity of aerosol particles in the atmosphere means they influence 
its radiative budget, and hence the climate.  The direct effect of aerosols sized 1 µm 
and smaller is to cool the atmosphere by scattering incoming solar radiation back 
into space (Seinfeld and Pandis, 1998), and the presence of aerosol in cloud-
forming regions can indirectly affect the climate by altering the properties of the 
cloud and precipitation patterns. 
The global impact of Aeolian dust is discussed by Arimoto (2001), who cites an 
estimate that its net radiative effect is -0.54 Wm-2, with Africa thought to be the 
largest source on Earth (Prospero and Lamb, 2003).  Mineral dust has an impact 
because it reflects solar radiation and absorbs longer-wave thermal radiation, 
causing cooling and warming respectively. A plume of mineral dust over a dark 
surface such as the ocean cools that region because of the albedo (solar reflectivity) 
increase, but it warms a bright surface such as the desert, which already has a large 
surface albedo. Sea salt is estimated (IPCC, 2007) to directly reduce the global 
radiative budget by between –1.51 and –5.03 Wm-2, depending on how strong the 
aerosol emission is.  The reason for its importance is its ubiquity above oceans, 
which make up 70% of the Earth’s surface. 
Since the estimated emission rate of PBA is 1—2 orders of magnitude smaller than 
that of Aeolian dust, it is reasonable to conclude that its direct effect on the 
atmospheric radiative budget is small compared with other aerosol, but it may cause 
changes through indirect effects to cloud condensation and ice nucleation. These 
are discussed in general in the following section and in the PBA-specific case in 
Chapter 2. 
1.2.1.  Cloud condensation nucleation 
Cloud-forming regions of the atmosphere are supersaturated with respect 
to liquid water (relative humidity > 100%).  If the ambient temperature is warmer 
than 0˚C this vapour is deposited to aerosol particles known as cloud condensation 
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nuclei (CCN).  Aerosol particles in all size modes are able to act as CCN, but 
whether a particle can act as a CCN at given supersaturation depends on its 
chemical composition and dry size, with large particles generally able to activate at 
lower supersaturations than small particles (e.g. Rogers, 1979).  Phase is also 
important: solid particles are able to activate at lower supersaturations than droplets 
of liquid or solution. If a particle is sufficiently large or grows to a sufficiently large 
size through condensation, the degree of supersaturation required for further growth 
starts to fall with rising size and the droplet is “activated”.  This means that a rapid 
growth phase is entered and water vapour is taken up at the expense of smaller 
droplets or less effective CCN, which either stop growing or evaporate in order to 
maintain equilibrium with their increasingly dry surroundings.  
Droplet growth will continue subject to water vapour availability, with droplet sizes 
reaching sizes from 1—50 µm.  The larger droplets have a higher fall velocity than 
smaller ones and so collide and coalesce with them, forming raindrops larger than 
1 mm. This process leads to precipitation within ~10 minutes. Twomey (1977) 
measured CCN number over land and sea and found a concentration ten times 
higher over land.  He also noted that the relation between the number of particles 
able to act as CCN increases strongly with the degree of supersaturation. 
Adding more CCN to a cloud-forming region increases the competition for water 
vapour during cloud formation. This increases the number of small droplets and can 
create a thicker, longer-lasting cloud as fewer droplets can grow large enough to 
fall as rain. Increasing the number of cloud droplets N in this way therefore leads to 
an increase in cloud optical depth, τ , which is proportional to N1/3. These effects in 
turn can significantly alter the rainfall distribution and intensity across the surface 
of the Earth and raise the planetary albedo, with the overall effect estimated to be a 
cooling of the atmosphere (e.g. Twomey, 1977; Lohmann and Feichter, 2005). 
1.2.2.  Ice nucleation 
A process analogous to (but less predictable than) cloud condensation 
nucleation occurs in cold clouds (T < 0°C), which provide precipitation heavier 
than drizzle.  Most aerosol particles can act as ice nuclei (IN) to some degree, with 
the notable exception of sea salt.  In clouds as cold as -38°C liquid water droplets 
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exist in a supercooled state but a small concentration of ice nuclei is sufficient 
allow widespread freezing at temperatures warmer than this (e.g. Pruppacher and 
Klett, 1980).  Several types of heterogeneous nucleation can occur, after which the 
continued growth of the crystal is by vapour deposition, in which more water 
molecules are laid down on top of the ice’s crystal lattice and take on the same 
characteristics: 
• Condensation: a thin layer of liquid water condenses around the particle and 
freezes. 
• Immersion: IN within a supercooled droplet allow it to freeze through when 
the droplet reaches a low enough temperature between 0°C and -40°C.  
• Contact: A supercooled droplet meets a contact IN, which causes the droplet 
to freeze through.  
Ice crystals may aggregate in the cloud or come into contact with supercooled 
droplets that will subsequently freeze, and fall as precipitation when they become 
heavy enough.  As with CCN, the number of IN within a cloud affects the 
precipitation rate and cloud lifetime. Sometimes “giant” CCN (GCCN) sized larger 
than ~1 µm can affect the precipitation from a warm cloud that cools enough for ice 
to start forming.  A numerical modelling study by Teller and Levin (2006) 
demonstrates that the presence of 10—20 GCCN cm-3 provides large drops that 
collide with ice crystals, forming graupel. This significantly increases the 
precipitation rate from a polluted (1,350 CCN cm-3) cloud but not from an 
unpolluted (90 CCN cm-3) cloud. This demonstrates how relatively small 
perturbations in GCCN can have significant consequences in suitable conditions. 
Mixed-phase clouds, in which water and ice exist simultaneously, are important for 
precipitation formation because of the competition for water vapour between the 
phases. DeMott et al. (2010) drew together data from 9 field studies in which the 
numbers of (i) ambient aerosol smaller than 1.6 µm and (ii) ice nuclei were 
monitored. They found that the concentration of aerosol particles larger than 
0.5 µm predicted the number of IN much more consistently than the concentration 
above 0.1 µm.  It appears that ice nucleation rate is related to the surface area and 
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chemical composition of ice nuclei (Phillips et al., 2008), so large particles are 
more important. This means that despite their low concentration in the atmosphere, 
biological aerosols are potentially significant for their IN effects, which are 
discussed in detail in Chapter 2. 
1.3.  Aerosol sinks 
Aside from the nucleation scavenging of aerosol particles described above, 
a variety of other mechanisms reduce the number concentration of ambient aerosol. 
The efficiency of these processes is strongly dependant upon particle size, with 
completely different removal mechanisms for large and small aerosol. 
1.3.1.  Dry deposition  
Dry deposition refers to a dry aerosol particle meeting and adhering to a 
dry or wet surface. Above land the processes governing this interaction include 
diffusion, gravitational settling, impaction and the interception of a particle by a 
nearby surface (e.g. Hinds, 1999; Slinn, 1982).   
Wind shear describes the vertical profile of wind speed through the boundary layer, 
in which the flow is influenced strongly by the properties of the surface below. 
Momentum is transferred through the boundary layer via turbulent eddies, which 
also transfer aerosol, heat and trace gases. Wind shear is affected by two properties: 
the surface roughness length (which describes the size of protrusions into the flow; 
e.g. Foken, 2008) and the mean wind speed. Stronger shear consequently leads to 
more turbulence and a higher local transport velocity. The deposition to a rainforest 
is therefore enhanced compared to grassland, as is the deposition on a windy day 
compared with a calm day. 
Particles smaller than ~0.01 µm diffuse by Brownian motion toward and adhere to 
a surface. The removal of material at the surface ensures that a concentration 
gradient is maintained, favouring continued diffusion.  Particles larger than ~5 µm 
are sufficiently heavy to allow rapid sedimentation out of the atmosphere under 
gravity (e.g. Slinn, 1982), which exceeds the combined turbulence and drag 
keeping the particle aloft.   Seinfeld and Pandis (1998) note that the terminal 
velocity of a spherical particle with unit density increases from 0.1 cm s-1 at DP = 
0.01 µm particle to 1,000 cm s-1 at DP = 10 µm.  These particles may bounce from a 
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surface upon hitting it, with the poorly-understood (e.g. Fowler et al., 2009) 
likelihood of this linked to the chemical composition and microscopic properties of 
both the particle and the surface. 
When a stream of aerosol-laden air encounters an obstacle, the stream lines are 
forced to curve around it. Larger particles have greater inertia and take longer to 
adjust to the new curvature. If the radius of curvature is too small, particles above a 
certain size impact upon the obstacle after being entrained into the viscous layer 
above its surface.  This impaction becomes a significant deposition process at 
DP ≥ 0.5 µm and is also a consideration when transporting aerosols along tubes 
with corners. Impaction is exploited to collect particles of a particular size onto 
plates.  This also happens when particles carried by turbulent eddies pass close to a 
surface. 
Impaction and interception of particles by surfaces are the dominant deposition 
mechanisms between ~0.5 µm and ~5 µm. It should be noted that they are 
effectively the only deposition mechanisms at approximately 0.1—1 µm, and are 
generally less efficient than Brownian deposition and sedimentation. This leads to  
a characteristic “v” shaped profile in deposition velocity versus DP (e.g. Slinn, 
1982) which leads to the long residence time observed for particles in the 
accumulation mode. 
Deposition to a body of water differs from deposition to the ground or vegetation 
because interception and impaction are limited. The air close to the water surface is 
humid, causing particles to grow by taking up water vapour.  This may increase the 
impaction rate of hygroscopic particles with dry DP > 0.1µm (Slinn and Slinn., 
1980).   
1.3.2.  Wet deposition 
Wet deposition occurs when aerosol contained in a water droplet is 
deposited to a surface. The aerosol may have been incorporated into the droplet by 
cloud condensation or ice nucleation, have been intercepted by a cloud droplet or 
swept up by falling precipitation.  Cloud droplets are efficient at scavenging aerosol 
of all sizes and falling precipitation is efficient at scavenging aerosol with 
DP < 0.01 µm or DP > 2 µm.  A rainfall rate of 1 mm per hour is calculated to 
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reduce the concentration of these aerosol particles by 50% within an hour 
(Andronache, 2003).  The smallest particles diffuse onto drop surfaces whilst the 
largest collide. 
1.4.  Measuring aerosol number and size 
It is desirable to monitor aerosol number and complete size distributions 
for long periods, with the best time resolution possible.  This grants insights into 
the processes that influence aerosol number and properties. For example, 
monitoring the size distribution within and downwind of a polluted region shows 
how small aerosols are emitted and then grow to larger sizes as they age.  No single 
measurement technique can monitor the entire aerosol size spectrum, and a 
combination of instruments must be used to characterise the ambient aerosol in a 
given environment.   
Particles larger than ~0.1 µm are readily detectable by optical techniques, which 
involve passing particles through a laser beam and recording the associated pulses 
of elastically scattered light.  Particle size can be estimated using the intensity of 
light scattered or the time-of-flight between two laser beams.  Smaller particles do 
not interact as strongly with light and instead are monitored using condensation 
particle counters (CPCs) or particle magnifiers, which grow the aerosol by vapour 
condensation to large droplets (using either water or alcohol as the diffusing 
medium) that can be counted with optical techniques.   
1.4.1.  Optical particle counters 
An OPC relies on a particle elastically scattering light when it passes 
through a laser beam.  A photodiode or photomultiplier tube (PMT) offset from the 
beam measures the intensity of the light pulse associated with each particle.  
Particle size is estimated using Rayleigh scattering theory or Mie theory in which 
the intensity of scattered light from a particle is related to its diameter, with larger 
particles generally creating more intense pulses (e.g. Cai et al.,  2008). Figure 4 
depicts a generic OPC, in which the inlet flow is split between a sample flow and a 
filtered sheath flow that keeps aerosol confined to the sensing region. If the aerosol 
stream strays from the correct region the recorded intensity will be different, 
causing incorrect sizing. 
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Figure 4  Simplified depiction of a generic optical particle counting arrangement. 
Pulse intensity is measured in the forward-scattering direction or side-scattering 
(perpendicular to the laser beam) direction and the instrument response is calibrated 
using size standards such as polystyrene latex (PSL) or glass microspheres. This 
gives the optical equivalent diameter: the diameter of a sphere with a known 
refractive index that produces the same scattering intensity as the particle observed. 
Several constraints are placed on the accuracy of this technique: 
The relationship between particle diameter and scattering intensity is non-
monotonic when DP > λ, approaching the Geometric regime, which cannot be 
described by Rayleigh or Mie theory (e.g. Hinds, 1999). To illustrate this Figure 5 
shows theoretical plots (generated using “MIEV”, W. J. Wiscombe, NASA) of 
intensity versus DP based on a laser wavelength of 632 nm, (i) a forward-scattering 
detector subtending 3.5 – 12.6° from the beam direction and (ii) a side-scattering 
detector subtending 53 - 127°. Large oscillations appear in the forward-scattering 
case (Figure 5ii) at 2-10 µm, so intensity can only be conservatively related to 
diameter.  The relationship between intensity and diameter is clearer in the side-
scatter case (Figure 5i).  
26 
 
Figure 5  Intensity of 633 nm light elastically scattered by spherical particle (nr = 1.6) in (i) the 
side-scattering direction and (ii) the forward-scattering direction. 
The intensity and angular distribution of scattered light are affected by diffraction 
(caused by particle shape) and absorption or reflection of light (which depends on 
refractive index). Forward-scatter instruments are more strongly affected by 
diffraction effects than side-scattering instruments. A mixture of refractive indices 
within a particle causes internal reflections, altering the intensity distribution falling 
on the sensor.     
Information about particle morphology is not usually preserved by simple OPCs 
and the reported optical equivalent diameter of a non-spherical particle with a major 
and minor axis is normally somewhere between the two dimensions.  In urban 
locations the aerosol has a mixture of sources and therefore of optical properties, so 
peaks in the size spectrum are broadened and less distinct. 
Current OPCs measure a wide range of particle sizes, usually by collecting side-
scattered light over the widest angle possible. The ultra-high sensitivity aerosol 
spectrometer (DMT Inc.) measures particle size from 0.055—1 µm. Commercial 
dust monitors (e.g. GRIMM Inc., 1.108) are simpler and cover the size range 0.3—
20 µm.   
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1.4.2.  Aerodynamic sizing 
Another way of estimating particle size is to measure its aerodynamic 
properties, which are also relevant to how particles impact in lungs. A particle in a 
gas or fluid flow accelerates because of the drag force on its surface.  A small 
sphere accelerates more quickly than a large sphere with the same density because 
the mass to surface area ratio is smaller. This means that a large particle will 
emerge from a region of accelerating flow at lower velocity than a small particle. 
 
Figure 6  Simplified diagram of a time-of-flight aerodynamic particle sizer 
The aerodynamic diameter (DA) of a particle is that of a unit-density sphere 
experiencing the same acceleration.  Measuring the velocity of a particle after it has 
travelled through a region of accelerating flow allows DA to be calculated. 
Since particle sphericity cannot be guaranteed, some extra considerations have to be 
made. Complex morphology increases particle acceleration so the estimated DA is 
smaller than the physical size (e.g. Hinds, 1999).  Measured aerodynamic diameters 
are also subject to uncertainty because of non-unit-mass particle density, which is 
analogous to the refractive index problem in optical sizing. 
Figure 6 shows a simplified representation of the Aerodynamic Particle Sizer (TSI, 
Inc.). This instrument measures particles sized 0.5 to 15 µm as they leave a nozzle 
that accelerates the airflow.  Each particle passes through two laser beams, and the 
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time-of-flight between scattered light pulses allows the final velocity of each 
particle to be inferred, so DA is estimated.   
1.4.3.  Impactors 
Drawing air from behind a plate makes the stream lines curve around it, 
and the largest particles will impact under their inertia.  By careful selection of the 
flow geometry a series of these plates is used in a cascade impactor to remove 
sequentially smaller particles from the airflow, providing a size-segregated sample.  
Some particles bounce from the plates upon impact, but collection efficiency is 
improved by coating the plates in oil or petroleum jelly.  The Andersen Impactor 
uses this design to collect particles as small as 0.05 µm and features a final stage 
that collects all of the material that did not stick to plates, so the overall collection 
efficiency is above 90% (Hinds, 1999).  Impactors are used to collect bulk samples 
of aerosol for compositional characterisation and some biological work, but require 
sampling times of up to several hours, depending upon ambient aerosol 
concentrations. 
1.4.4.  Flux measurements 
The net vertical aerosol flux corresponding to a measurement site 
describes how strong a source or sink of aerosol it is, and is therefore useful in 
classifying how different surfaces or vegetated regions affect local aerosol 
composition. Aerosol and trace gases are exchanged between a surface and the 
atmosphere by turbulent eddies. This flux can be measured directly using the eddy 
covariance (EC) technique, which correlates the perturbations in concentration and 
vertical wind speed associated with the passage of an eddy. It requires instruments 
that can measure at 10—20 Hz (Fairall, 1984; Foken, 2008).  Averaging times 
(typically 5—60 minutes) must be long enough to include enough data but short 
enough that no underlying trend in concentration is incorporated, which would 
skew the results. The characteristic dimension of eddies increases at height, leading 
to a longer passage, and therefore averaging, time. 
The net effect of turbulent transport can be measured indirectly using the flux-
gradient approach, which is suited to slower sensors.  It assumes that turbulent flux 
is analogous to the diffusion of small particles, so that the flux is proportional to the 
friction velocity (itself proportional to the square root of wind shear) and the 
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concentration gradient (Stull, 1989). This method assumes that both measurements 
are performed in the same layer of air, where the fluxes are constant (i.e. 
unimpeded) with height. 
The minimum net upward flux required to sustain an aerosol size distribution at any 
given moment can be estimated by calculating the gravitational sedimentation 
velocity of the aerosol, and multiplying it by the concentration to obtain the net 
sedimentation flux.  This is the least accurate of the three methods outlined as it 
assumes a steady state concentration of aerosol that is sustained entirely by a 
constant vertical flux, and no contributions from advection. It allows a basic flux to 
be estimated using a single instrument with a long response times. 
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2. Primary biological aerosol (PBA) 
2.1.  What is PBA? 
PBA is any airborne particle that is all or part of an organism, living or 
dead. It includes pollen, fungal and plant spores, viruses, bacteria and detritus such 
as skin, hair and plant fragments.  Historically it is recognised to have an important 
role in biology: Hippocrates, in the 5th century B.C. wrote: 
“Because all men inhale the same wind, when air is infected with such pollutants 
that are hostile to the human race, the men fall sick”.   
In the mid-17th century, Nehemiah Grew published the first microscopic description 
of pollen in his book “Anatomy of Plants”.  By the late 19th century the field of 
aerobiology (the study of life in the atmosphere) was gathering pace thanks to the 
work of Pasteur. Pierre Miquel followed Pasteur and was the first to discuss the 
influence of weather on infectious disease (Comtois, 1997) such as the increase in 
bacteria in an air mass as it passed over Paris.  In summary he wrote: 
“..it is of the utmost importance for mankind to study with  care the numbers of 
microscopic bodies that surround us, to study, in parallel, pathogenic microbes and 
environmental germs. If the first group informs us on disease etiology, the second 
informs us on where microbes are prolific, and of which atmosphere we must try to 
escape." 
This philosophy defines the modern field of aerobiology, particularly now that 
modern bio-warfare hazards are the focus of government attention. 
The definition of PBA above can be difficult to apply as certain materials including 
animal droppings occupy something of a grey area (not all food will be broken 
down completely), as does partially decomposed plant material. For some purposes 
such as allergy research this is considered PBA whereas in others such as plant 
pathology it is not. Soil dust is generally not considered PBA even though it 
contains secondary acids derived from plant material.  Gases emitted by plants or 
animals that go on to form aerosols are often described as biogenic, but this is not 
equivalent to PBA as they are not discernibly biological and they are secondary 
particles rather than primary. “Organic” is also used in atmospheric chemistry and 
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refers to the presence of carbon in certain aerosol particles, so another important 
distinction to make is that while PBA is organic aerosol, organic aerosol is not 
necessarily PBA. 
2.1.1.  Bacteria 
Bacteria are single-celled organisms capable of asexual multiplication and 
are found anywhere there is ample food supply, from the plant remnants found in 
desert dust to living human skin. (e.g. Gregory, 1973). 
In the atmosphere bacteria usually occur with sizes between 0.5–30 µm and are 
sometimes found individually, and often in clusters or attached to some other 
particle which has been suspended (e.g. Cox and Wathes, 1995). Urban areas are 
sources of bacteria because of wastewater treatment plants, waste processing 
facilities and refrigeration plants (Shaffer and Lighthart, 1997; Kummer, 2008 ).  In 
temperate regions rural locations tend to emit more bacteria in the autumn because 
of decomposing leaf litter (e.g. Matthias-Maser and Jaenicke, 1995). Emissions 
from these sources are discussed in detail later in this chapter. 
The sea, particularly the coastline, is a source of PBA as it often floats in a 
microlayer of biological material at the surface. It is suspended by the film, jet and 
spume mechanisms discussed in the previous chapter.  Edmonds (1979) notes that 
airborne bacteria concentrations are larger at the seashore than over the sea. Rain 
runoff and droplet shatter picks up and suspends bacteria from leaf surfaces (e.g. 
Jones and Harrison, 2004), and bacteria can be shaken from surfaces such as dry 
leaves in high winds. Animal sneezing liberates bacteria and some are adapted to 
survive in the oesophagus of animals for this purpose (e.g. Burrows et al., 2009). 
Some bacteria are better adapted to cope in the atmosphere than others. Some 
bacteria retreat into dormant bacterial spores up to several microns in diameter. The 
purpose of this is to protect against environmental stress rather than to propagate 
the organism (e.g. Wedberg, 1966).  One reason Bacillus anthracis is so resilient is 
that it is often found in this state in the atmosphere.  Some species of bacteria have 
evolved pigments so that they can better withstand UV irradiation, which would 
otherwise damage their ability to reproduce (Mancinelli and Shulls, 1978). Others 
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can even repair themselves from this damage during darkness (e.g. Lighthart and 
Shaffer, 1994). 
2.1.2.  Fungal spores 
Fungal spores are typically found in sizes ranging from 1 to 100 µm with 
diverse internal structures, shape and surface characteristics. This variability 
reflects the fact that over 100,000 species of fungi exist (Volk and Broen, 1997). 
Figure 7 contains a series of illustrations taken from Iwanami (1988) of PBA seen 
under a microscope.  There are several speculated reasons for the elaborate surface 
features presented, including maximising aerodynamic drag to stay airborne for 
longer, and increasing adhesion efficiency upon deposition thereby aiding 
germination. Like bacteria, spore-bearing fungi are able to grow wherever a 
nutrient supply and favourable weather conditions are present.   
 
Figure 7  Illustrations of PBA examined under a microscope (from Iwanami, 1988) 
The number of spores released is immense: A medium-sized mushroom, for 
example, releases ~109 spores in its lifetime. Unlike bacteria, fungal spores are well 
equipped to endure prolonged periods in the atmosphere and an outer casing 
protects their contents from environmental damage such as UV destruction or 
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desiccation. Their half-life in the atmosphere is typically hours to days and the 
probability of germination varies from ~5% (Basidiospores) to 80% (Alternaria) 
(Edmonds, 1979).   
Each species of fungus has a slightly different solution to the problem of how to 
liberate spores from the viscous layer of air above its surface, but the mechanisms 
fall into two broad groups: active and passive release.  Active processes involve the 
spore being forcibly ejected by the plant in a process that relies on a change in 
available water vapour or liquid water on the plant surface (e.g. Pasanen et al., 
1991; Spiers, 1985; Meredith, 1963; Troutt, 2001; Ingold, 1939; Pringle et al., 
2005). These include: 
• The “squirt gun” mechanism: A spore forms on the end of a tube, water 
builds up behind it until the pressure cannot be contained and the spore 
ejects. 
• The Buller’s Drop: The spore forms on a protruding stem. When it is mature 
the spore and stem separately become covered in water. When the two water 
droplets merge the transfer of momentum between them forces the spore to 
eject. 
• Hygroscopic twisting: Spores form in chains at the end of stems made up of 
hygroscopic strands. As the relative humidity increases these strands gently 
twist, rotating the chain. When the humidity decreases suddenly because of 
a gust of wind or solar heating the chain is spun rapidly, flinging spores 
away from the plant by centrifugal force.  
The effect of relative humidity on fungal spore release is illustrated well in work by 
Gilbert and Reynolds (2005), who monitored both parameters in tropical rainforest 
and found a strong link between them.  Spore release will continue until either the 
supply of mature spores is exhausted, or the mechanism can no longer function 
because conditions no longer meet the criteria for release. In the previous example 
it appears the latter occurs. While not fungi, ferns also form and actively release 
spores when the ambient humidity falls below 76%.   
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Passive spore release requires an external mechanical force to eject a spore. To 
increase the chance of being liberated the spores are formed in strategic locations: 
• Some smuts and moulds form spores on thin strands beyond the viscous 
layer above the plant surface. They are intercepted and transported by the 
wind, foreign bodies or fog droplets. This is the reason many household 
moulds have a furry appearance.  (Lacey and West, 2006; Gregory, 1973) 
• “Puffball” fungi feature an internal chamber with spore-covered walls. 
When an animal or raindrop comes into contact with the fungus it deforms 
and forces spores through an orifice into the air outside (Ingold, 1939). 
As the chaotic nature of these release mechanisms suggests, spores are not 
dispersed evenly but instead can be found either singly or in chains in the 
atmosphere. Figure 8 shows the spore aggregates caught beneath mushrooms.  
 
Figure 8  Light microscope image of spore chains collected from a Chestnut mushroom for a 
WIBS-3 laboratory experiment. The typical spore diameter is 2-3µm. 
2.1.3.  Pollen 
Pollen are typically larger than 10 µm and are composed mainly of 
cellulose. They represent the reproductive unit of flowering plants and have 
evolved to withstand a range of environmental conditions.  Pollen are diverse in 
shape and may contain structural features like voids that fill with water in humid 
conditions (e.g. Diehl et al., 2001). Their large size makes dispersal by wind 
difficult compared to spores – potato or barley pollen concentrations reduce rapidly 
after travelling only ~100 m (Eastham and Sweet, 2002). As a result many plant 
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species depend on insect transport instead.  Where a plant ejects pollen for wind 
dispersal, the manner of its ejection depends on the species. In general higher 
pollen concentration in the air is associated with low humidity, high temperature 
and high winds (e.g. Fernández-González et al., 1993).  Like some fungal spores, 
pollen is optimised for passive release: leaf shredding by wind or abrasion liberates 
pollen stored there and the shaking of flowers by insects, wind or rain drops also 
separates them from surfaces.   
2.1.4. Viruses 
 Viruses are usually smaller than 100 nm and infect other cells. Since they 
are so small they are difficult to suspend mechanically, and instead are found 
attached to other particles in the atmosphere. These particles include cells that they 
have infected or are simple solids and liquids that the virus has attached to.  Their 
suspension in the atmosphere is achieved primarily through mechanical transport 
including exhalation, sneezing and abrasive processes affecting the surfaces they 
are deposited to, followed by contact migration and transfer. 
2.1.5. Detritus 
 This describes the PBA that are simply made of plant, insect or animal 
matter without having a particular airborne role. It includes dead skin, hair, dander, 
plant debris (such as leaf litter) and insect fragments. These arise from the common 
abrasive forces experienced by most living things but are expected to make up a 
large fraction of the PBA mass globally (Winiwarter et al., 2009) because these 
processes generate coarse particles (this is discussed in Chapter 1). 
2.2.  Conventional PBA measurement techniques 
The main techniques employed to analyse PBA can be split into culturing 
and non-culturing analysis techniques.  Culturing involves collecting a sample onto 
a growth medium such as Agar jelly, incubating it for periods ranging from hours to 
days and counting the grown colonies microscopically. This provides reliable 
information on which biological species are present but not their airborne 
abundance.  Careful use of growth inhibitors must also be applied to ensure that 
fast-growing organisms do not obscure slower-growing ones. 
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Non-culturing methods involve the direct collection and microscopic counting of 
total PBA on filters or in liquid suspensions.  They are not often used to identify 
biological species but are appropriate to estimate the number concentration and size 
distribution of PBA. Unlike culturing methods this provides quantitative number 
concentration measurements and includes PBA that are not capable of reproducing, 
such as pollen, damaged and dead material (Douwes et al., 2003) and so gives a 
more rapid result with better representation of ambient PBA number than culturing. 
Eduard and Heederik (1998) note that non-culturing techniques (flow cytometry 
and epifluorescence microscopy) yielded counts 1.7—1000 times larger than 
culturable techniques. 
The choice of how the PBA should be collected from the air is important because 
different particle types require different considerations: 
High volume aerosol impactors should not be used to collect bacteria or viruses 
because of the damage caused to them upon high velocity impact on the collecting 
medium or substrate. Instead liquid impingers or coated impactor substrates are 
used as they provide a more gradual deceleration. Liquid impingers operate by 
directing aerosol-laden air at a liquid medium so that particles of a certain size are 
collected in the fluid.  Henningson and Ahlberg (1994) conducted a review of 
bioaerosol samplers and recommend the AGI (All-glass impinger)-30 for bacteria 
connection as it collects more than 70% of particles at DP > 0.5µm.  
If a high-concentration environment is being sampled then some particles on a filter 
obscure others, reducing the counting accuracy.  Impinger fluid, on the other hand, 
can be diluted, separating the particles.  A disadvantage is that bacteria found in 
clusters in the atmosphere and considered a single particle can become separated in 
the liquid, increasing the reported number concentration. 
Spores, pollen and debris can withstand the mechanical stresses of an impactor and 
agar, petroleum jelly or oil-coated plates are often used. Many spores are desiccated 
when extracted from the atmosphere and are less dense than water. This makes 
them unsuitable for collection using liquid impingers because they may then be re-
entrained into the sampling air flow from the fluid surface. Cascade impactors are 
used to collect size-segregated PBA samples, although the diverse morphology of 
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PBA makes it difficult to relate the physical dimensions of a particle to the size cut-
off of the stage it lands on. Impactors are recommended for spore, pollen and debris 
collection (Macher et al., 1995). 
Two other impactors used for continuous spore sampling are the slit impactor and 
the Hirst Spore Trap. Both are single-stage impactors (originally designed to collect 
particles larger than 5 µm) with a moving plate so that the change in PBA number 
can be examined over the course of a day or week. Many similar devices are also 
used in aerobiological studies and have their own collection characteristics. The 
diversity of instruments means care must be taken when comparing results, 
particularly for particles smaller than ~5 µm, since little effort to standardise 
impactor design or characterise collection efficiency appears to have taken place. 
Filters can collect a large proportion of ambient PBA but culturing methods are 
sensitive to the choice of filter material: cellulose filters yield around 1% as much 
cultured material as porous polyurethane foam (Eduard et al., 1990). Preventing the 
desiccation of collected PBA during sampling and storage is also a consideration in 
selecting a measurement method. Non-culturing methods are better suited to filters, 
since desiccation does not affect whether the material can be stained and counted.  
Nuclepore® filters are frequently used for this because they are microscopically 
smooth, improving the contrast between particle and filter for visual or automated 
counting techniques. 
As well as light microscopy, non-culturing methods include flow cytometry, which 
involves obtaining a liquid suspension of PBA by extraction from a filter or 
impinger fluid. A fluorescent compound (known as “fluorochrome”) is mixed with 
the suspension and binds to specific nucleic acids, proteins or cell walls.  It is then 
excited at the appropriate wavelength and the number of fluorescent particles is 
counted automatically when the mixture is pumped through the cytometer (e.g. 
Givan, 2001). The variety of fluorochromes is convenient as it allows specific 
properties of cells to be identified rapidly. Epifluorescence microscopy also uses 
fluorescent staining of particles on filters or slides and provides added information 
about particle morphology.  
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A major downside to these techniques is that the fluorescent staining process 
inevitably fails to tag some PBA.  Wang et al. (2001) note that epifluorescence 
microscopy and flow cytometry are subject to counting errors because bacteria are 
more readily penetrated by staining solution than fungal spores. Eduard and 
Heederik (1998) found that epifluorescence microscopy reported only one-quarter 
of the spore number obtained with light microscopy using the same initial sample.  
This was attributed to unknown losses in the sample preparation process, which can 
involve the transfer of material from one filter to another. The use of different 
fluorescent preparation methods and epifluorescence microscope operators were 
investigated by Eduard et al. (2001) who found these caused respective differences 
of up to 30% and 37% with bacteria counts dependent on operator and spore counts 
depending on preparation. Some fluorescent solutions can also attach to non-PBA 
as well as PBA, leading to overestimates. 
 
2.3.  Previous measurements of ambient PBA number 
Figure 9 is a composite plot of published PBA concentration 
measurements in a range of environments using non-culturing methods. The total 
number of PBA is dominated by fungal spores or bacteria depending on the 
sampling location.  In general it can be said that PBA concentration is 1—100 l-1 in 
most environments, but varies significantly within each. The outliers are high-
altitude sites and tropical locations. 
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Figure 9 Summary of published "total PBA" measurements from outdoor environments. 
Vertical lines denote a range of stated values and (+) denotes a single stated value.  B 
represents bacteria count and S represents fungal spore count where these are 
separate.  References: [1] Lacey (1962); [2] Matthias-Maser et al. (1999b); [3] Bauer 
et al. (2002a); [4] Matthias-Maser et al. (2000); [5] Matthias-Maser et al. (1999a); [6] 
Graham et al. (2003); [7] Worobiec et al. (2007); [8, 9] Gilbert and Reynolds (2005); 
[10, 12] Bauer et al. (2008); [11, 13] Matthias-Maser and Jaenicke (1995), Harrison 
(2005) [14-17]  
Samples were collected using Nuclepore filters [7], impactors [1, 2, 4, 5, 8, 9, 11, 
13—17] and impingers [3, 10, 12].  Graham et al. (2003) [6] use Nuclepore filters 
for particles smaller than 4 µm and an impactor for larger particles. Impingers 
collected fungal spores in the three studies despite the risk of under-counting, and 
the samples were analysed using Epifluorescence microscopy.  The various works 
of Matthias-Maser et al. [2, 4, 5, 11 and 13] use the same method: a mixture of 
electron and light microscopy for particles smaller and larger than 4 µm 
respectively.  Harrison et al. (2005; [14—17]) collected material on polycarbonate 
filters and counted only bacteria using Epifluorescence microscopy.  
Bauer et al. (2002a) note that the number of bacteria measured in the Austrian alps 
[3] is ~10-2 cm-3, dominating the ~10-3 cm-3 of fungal spores when the site was not 
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in cloud.  Harrison et al. (2005) also note that bacteria are the most common PBA at 
a high-altitude site, and total PBA concentration of 10-2 cm-3 was found by 
Matthias-Maser (2000) on the Jungfraujoch, Switzerland [2].  Both the Swiss and 
Austrian results were recorded in the winter with snow covering local sources and 
therefore likely represent the background atmospheric PBA concentration. The 
disparity between spore and bacteria number most likely arises from the relatively 
large size of fungal spores and the increased speed of their sedimentation from the 
atmosphere. 
Working at a non-elevated remote site (Siberia) Matthias-Maser et al. (2000) found 
fewer bacteria smaller than 2 µm than downwind of Mainz, Germany. They also 
note that the number in this size fraction is quite consistent throughout the year in 
Siberia despite the snow-covered vegetation and a frozen lake in winter. This 
indicates that transported bacteria are important in remote continental regions and 
larger PBA are mostly from local vegetation and/or the lake, consistent with the 
alpine measurements.  
The concentration measured in the South Atlantic [5] is surprisingly high, at 
0.6 cm-3. Bacteria and algae emitted via bubble-burst contribute to this number, as 
did nearby fishing boats in this study, and this may skew the results.  Harrison et al. 
(2005) found bacteria concentrations of 2—13×10-3 cm-3 (winter and autumn 
respectively) at a remote coastal site in the UK, but this was dominated by the land 
emission, showing the coastline is a weak source of bacteria in comparison.  Hirst 
et al. (1967) conducted fungal spore collecting flights over the North Sea and found 
~10-4 cm-3 (DP > 5µm) up to 700 km from the shore, confirming that they are 
transported long distances, but are only present in small numbers compared with 
over land. This study is not included in the composite plot because it is limited to 
fungal spores with a large minimum size. 
Winiwarter et al. (2009) found fungal spore mass in Vienna, Austria was highest 
during the summer, and that airborne plant debris mass was similar all year round. 
Summer fungal spore concentrations measured in Vienna (Bauer et al., 2008) and 
suburban Britain (Lacey, 1962) are variable in time but both range from ~10-3—
10-1 cm-3.  The important contribution of PBA smaller than a few microns (mostly 
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bacteria) is illustrated by Matthias-Maser and Jaenicke (1995), who report 
concentrations outside Mainz, Germany, when the upwind influences are rural and 
urban. Mainz urban air contains 3.2 cm-3 and rural air 1 cm-3, but limiting the 
former to D ≥ 2 µm reduces the concentration to 1—5×10-2 cm-3, which is 
comparable to urban Britain and Vienna, underlining the importance of urban areas 
to airborne bacteria counts. Harrison et al. (2005) record much smaller total urban 
bacterial concentrations (~10-2 cm-3) at Birmingham, UK, and this suggests 
systematic differences between the approaches when counting small bacteria. 
The largest PBA number in Figure 9 is 1—6 cm-3 found in the understorey of a 
tropical rainforest in Queensland, Australia [8] by Gilbert and Reynolds (2005), 
which is an attempt to measure solely fungal spores. Most spores are produced here 
before penetrating the forest canopy to the atmosphere above, where smaller 
concentrations of 0.1—0.3 cm-3 were found.  At both heights the spore number rose 
significantly at night.  The two results from the Amazon basin (Graham et al., 2003; 
Worobiec et al., 2007) situated outside the forest canopy are in qualitative 
agreement with this observation: Worobiec et al. (2007) report that PBA make up 
the largest proportion of aerosol number in the Amazon at DP > 2µm and Graham et 
al. (2003) also use this size range and report spore concentrations of 0.023 cm-3 and 
0.23 cm-3 in the daytime and at night respectively. 
Representativeness of these datasets 
Some of the previous studies - such as Matthias-Maser and Jaenicke (1995) - were 
conducted only for short periods to capture specific influences. These tended to be 
during the spring or summer, so may not be representative of PBA concentration at 
other times of year or under different weather conditions.  Bauer et al. (2002a) 
report the seasonal variability of fungal spore number and Harrison et al. (2005) do 
the same for bacteria, while the work at Lake Baikal by Matthias-Maser et al. 
features year-round bacteria concentration measurements. There is a seasonal 
variation in the latter, but the bacteria concentration peaked during different seasons 
at each site. 
It is also clear that the difficulty in reproducing results between apparently similar 
measurement techniques contributes to the large variation in the reported 
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concentrations. This problem is particularly acute when high temporal resolution 
measurements are required in order to link observations to surface layer processes 
or the physical mechanisms responsible for PBA emission and transport.  The 
exception is the Gilbert and Reynolds study. Thanks to large spore concentrations 
and considerable experimental effort, they were able to link spore concentration to 
relative humidity in the rainforest understorey. This, however, is analogous to a 
closed system because mixing through the canopy is inhibited, so cannot be easily 
extrapolated quantitatively to the rest of the tropospheric PBA.   
Aside from the general variety of PBA concentrations Figure 9 contains another 
striking feature: the remarkable consistency within each group’s results. All of 
these are regarded as correct, and this demonstrates the profound lack of 
standardisation between collection techniques, experimental set-up and analysis 
protocols even when total PBA is counted in approximately the same size range.   
2.3.1.  Summary of PBA concentrations 
Despite the inconsistencies in results, the order-of-magnitude 
concentrations of fungal spores and bacteria are consistent in each environment and 
are summarised in Table 1, which is based on same data. 
Table 1  Summary of order-of-magnitude fungal spore and bacteria concentrations found in 
different environments 
 Fungal spores Bacteria 
Marine 0.1 l-1 0.1—100 l-1 
Remote continental/high altitude 0.1—1 l-1 1—10 l-1 
Rural continental 1—100 l-1 10—100 l-1 
Urban 1—50 l-1 10—1000 l-1 
Tropical 100—1000 l-1 No data available 
 
Harrison et al. (2005) found a threshold wind speed was required for bacterial 
suspension but further increases in wind speed reduced the bacteria concentration 
by dilution. Warmer temperatures were linked to increased bacteria number 
because the bottleneck in the suspension process is the limited supply of cells. 
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2.3.2.  Estimates of global PBA emission 
Table 2 contains a summary of recent worldwide PBA emission rate 
estimates.  Only the work by Jaenicke (2005) uses direct PBA measurements (those 
by Matthias-Maser et al), but little information is provided on how the emission 
rates were calculated and the assumptions that were used.  The other estimates use 
proxy measurements to try and infer the mass emission rate of PBA using more 
extensive measurements. 
Penner (1995) use the difference between the estimated organic carbon emission 
rate and the emission rate of known non-biological sources to arrive at an estimate 
for PBA relating to particles larger than 1 µm but state that this result is subject to 
considerable uncertainty as the PBA/PM10 mass fraction varies from 0.5—5%. 
Their underlying assumption that PBA mass is correlated with particulate matter 
mass is supported by works such as Boreson et al. (2004), perhaps because they 
share (re)suspension mechanisms. If this is the case it is unlikely to take account of 
actively released fungal spores. 
Table 2  Summary of PBA emission estimates calculated on the global scale 
Emission rate estimate [Tg yr-1] Particle type Source 
56 PBA Penner (1995) 
1000 PBA Jaenicke (2005) 
50 Fungal spores Elbert et al. (2007) 
28 Fungal spores Heald and Spracklen (2009) 
~1 (Europe) 
~10 (World) 
PBA Winiwarter et al. (2009) 
0.04—1.8  Bacteria Burrows et al. (2009)  
 
In the same vein, Winiwarter et al. (2009) use organic carbon (OC) and 
Levoglucosan (LG) measurements as PBA proxies, informed by measurements of 
chitin (fungal spores) and cellulose (plant matter) yields from experiments where 
these had been measured alongside LG and OC.  They calculate 9—90 kg of spores 
and debris are emitted per square kilometre of vegetation, and multiply this by the 
vegetated area of Europe.  They arrive at ~1 Tg yr-1 for Europe and estimate that a 
worldwide value would be in the order of 10 Tg yr-1, although this is very 
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approximate scaling and does not take account of issues such as the density or 
seasonal variation of vegetation cover. 
Estimates of PBA using OC and LG as tracers are strongly influenced by 
combustion emissions and biomass burning (respectively).  This estimate will 
therefore not reflect actively released fungal spores, although some evidence points 
towards fungal spores being carried in smoke plumes from biomass burning (Mims 
and Mims, 2004). They may better reflect bacterial concentrations because OC and 
bacteria increase in urban regions.  
The sugar alcohol Mannitol is associated with actively released fungal 
basidiospores.  Elbert et al. (2007) base their fungal spore emission estimate on a 
wide ranging review of worldwide Mannitol data.  They note its concentration 
varies by a factor of 2—3 between tropical and non-tropical regions, but use a fixed 
mean emission rate for the world.  Using a yield of one spore emitted per 5 pg of 
Mannitol, they estimate a total of 17 Tg yr-1 for active basidiospore release and 
account for the release of non-basidiospores by multiplying this by 3 (as per the 
information found in their review about fungi abundance) to give 50 Tg yr-1.   
Heald and Spracklen (2009) refine this approach by including spatial Mannitol 
variations. They use the GEOS-CHem model to scale it by leaf area index (LAI) 
and water vapour concentration, which are the variables most strongly correlated 
with spore emission.  In each case 80% of spore mass is assumed to be in the coarse 
mode and 20% in the fine mode, although the coarse-mode Mannitol concentration 
is not as well represented by LAI and water vapour as it is in the fine mode. They 
estimate global emissions of 44 Tg yr-1 using a fixed Mannitol emission rate, which 
is less than the Elbert value because snow covered regions do not contribute to 
emissions. Their global emission estimate is 28 Tg yr-1, although they note the 
coarse component (21 Tg yr-1) is less well constrained than the fine (7 Tg yr-1).  The 
inclusion of LAI and water vapour as factors influencing spore emission also 
captures seasonal variations of fine-mode spore emission, which peaks in the 
summer and is consistent with measurements by Bauer et al.  (2008).   
The Jaenicke result (1,000 Tg yr-1) is exceptionally large, but the 10—50 Tg yr-1 
found by other works is comparable in magnitude to anthropogenic emissions of 
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OC. Bauer et al. (2002b) found fungal spores were 30% and 46% OC by mass, so 
consistent results between the Winiwarter and Penner estimates are unsurprising, 
and Winiwarter et al. used total OC mass as a starting point, so a similar order of 
magnitude was not unlikely. That these results should be comparable to the 
Mannitol-based estimates is more interesting because the tracers are disparate. The 
consideration of land use and Mannitol provides a more relevant set of results for 
fungal spore activity, although the yield per unit mass of Mannitol and scaling for 
non-basidiospore species provide a considerable margin of error because it is based 
on the abundance of plants rather than the strength of spore emission. 
Bacteria are arguably more ubiquitous than fungal spores since they dominate PBA 
number in remote locations and are weakly emitted by the oceans.  Burrows et al. 
(2009a; 2009b) collate total and culturable counts at different sites and 
subsequently estimate global number and mass fluxes using a global circulation 
model. They cite a lack of information about total bacteria concentrations and the 
mass fraction of bacteria to non-bacteria when agglomerates are found in the 
atmosphere.   
2.4.  The importance of PBA 
2.4.1.  Cloud processes 
Giant CCN (GCCN) can generally activate as cloud droplets at lower 
supersaturations than smaller particles.  Most PBA can act as GCCN since they can 
be wetted and take up water even at sub-saturated conditions. Although the typical 
number concentration of PBA at altitude is ~1—10 l-1, this may be sufficient to 
affect the amount and timing of precipitation from warm clouds with a large 
number of small CCN present (e.g. Wallace and Hobbs, 2006b;   Möhler et al., 
2007).   
The ability of some PBA to act as ice nuclei (IN) has been demonstrated in the 
laboratory.  Diehl et al. (2001; 2002) show that several pollen species are active as 
condensation, immersion and contact nuclei but not deposition nuclei when on 
plates or collided with supercooled drops in a wind tunnel.  They also demonstrate 
that pollen take up water vapour at RH > 72%. Tests on bacteria by Kawahara 
(2002)  found six species with IN properties, and Vali et al. (1976) report that soil 
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has IN properties because of the bacteria present within it. Diehl and Vali report 
that bacteria and pollen respectively act as ice nuclei at temperatures as warm as 
-2°C.  Kieft and Ruscettio (1990) found powdered lichen was able to form ice at 
-2.3°C. 
Hoose et al. (2010) modelled the likely effect of fungal spores on cold clouds.  
They assume that 76 Tg yr-1 is emitted worldwide, that 1% of spores have similar 
ice nucleus characteristics to P. syringae (one of the six bacteria in Kawahara et al.) 
and the remaining 99% of spores have the same IN ability as mineral dust 
(activating at -15°C). They conclude that 0.03% of ice nucleation events in a cloud 
are from fungal spores, with the rest from non-PBA, and that fungal spores have 
little impact in an already-formed cold cloud. 
Pratt et al. (2009) used an aircraft aerosol time-of-flight mass spectrometer to show 
that 33% of particles sized 0.14—0.7 µm found in cloud ice crystal residuals 
collected above the USA were PBA, and 50% were mineral dust. This demonstrates 
a large PBA (probably bacterial) and mineral dust impact compared with salt, soot 
and other organic carbon particles present outside clouds, but is based on only 47 
particles and does not state how many are larger than 0.5 µm, which DeMott et al. 
(2010) find are relatively important. They attribute both of these particle types to a 
dust event in China and long-range transport. 
Prenni et al. (2009) analysed the IN concentration in the Amazon basin by drawing 
ambient aerosol into a continuous-flow diffusion chamber (CFDC), which 
simulates the conditions in a cold cloud, and counting the number of ice crystals.  
They measured PBA number sized 0.54–1.38 µm with a UV-APS (discussed in 
Chapter 3), and operated the CFDC in the condensation and immersion modes.  
Non-PBA concentration dictated ice crystal number at temperatures colder than 
-25°C whereas PBA and ice concentrations were more strongly correlated at 
warmer temperatures. The size cut-off involved in their technique means that 
bacteria were probably the PBA in question.   
Iannone et al. (2010) took spores from Cladosporium (DP ~3 µm) – a commonly 
detected airborne spore. They cooled pure water droplets that each contained 
between 0 and 3 spores and were able to demonstrate the IN properties were weak. 
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Droplets that contained several spores froze at the warmest temperatures, but this 
was only around 3—5°C warmer than pure water droplets. At these temperatures in 
the atmosphere (around -35°C) mineral dust is a far more abundant IN. The authors 
believe hydrophobic spore coatings inhibit IN behaviour and note such coatings 
feature in many fungal spore species. They tentatively conclude that fungal spores 
may provide only a small proportion of IN compared to bacteria. 
In their review of PBA effects on cloud processes Möhler et al. (2007) summarise 
that PBA are unlikely to be important if injected into existing cold clouds, but they 
might be important in a warm cloud that rises high enough to start freezing, by 
acting initially as GCCN and then immersion IN. As the cloud rises and cools, ice 
crystals sized ~1 µm would form at temperatures warmer than in a cloud free of 
PBA.  At this size they would readily freeze any droplets they come into contact 
with, rapidly altering the ice/water mixture of the cloud. The Teller and Levin 
(2006) study referenced in section 1 also suggests that GCCN would alter 
precipitation rates in this situation but invoke GCCN concentrations of 10—
20 cm-3, which is 1,000 times that of the PBA concentration typically observed at 
altitude, so PBA may not play a large part in his process. 
2.4.2.  Health effects 
The most common health complaints related to PBA arise because of 
occupational exposure in settings like animal houses and waste management 
facilities. Most complaints are caused by lung irritation or the exacerbation of 
existing conditions because of high exposure to endotoxin (associated with 
damaged bacteria) or fungal spores (DEFRA, 2004; Simpson, 1999). Sensitisation 
to a particular bioaerosol happens when a person encounters a high concentration.  
They subsequently present symptoms during much lower concentrations, and this 
can be permanent.  
Allergic reactions dominate the health impact in the home. Inhaled detritus from 
animals is normally the cause and dominates indoor PBA sources since most fungal 
spores and bacteria collected indoors actually originate outside (Jones, 1999).  The 
best-known allergic reactions to outdoor PBA are Hayfever and Asthma, both of 
which can be induced by outdoor concentrations of pollen and fungal spores 
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respectively.  Pollen and spores are not all allergenic but the number of both is 
correlated positively with the number of allergens. 
Direct infection by outdoor ambient PBA is rare in the UK but does occur: 
legionella bacteria aerosolised from water causes serious illness with only a small 
dose and Q-Fever bacteria can be transferred from animal bedding to humans 
(Lacey and Venette, 1995).  Inhaling a large concentration of fungal spores can 
result in aspergillosis in which the spores infect and colonise lung tissue.  Infectious 
PBA are exploited for bio-warfare, with highly infectious Bacillus anthracis 
(Anthrax) bacteria or variola major (Smallpox) virus (e.g. Lutwick et al., 2009) 
chosen as these survive the dispersal process and penetrate deeply into the lungs 
because of their small size.  The governmental interest in detecting the release of 
bio-warfare agents is one reason for renewed attention regarding the rapid 
enumeration of PBA number. 
Many fungal plant diseases such as rusts and smuts spread via airborne spores and 
affect all manner of crops including wheat, barley and oats, and if the infected 
plants are eaten by cattle they too can fall ill.   Rossman (2009) estimates that up to 
$21 billion is lost to crop diseases in the USA alone, and state that the import of 
such diseases is increasing because of international trade.  The release of 
pathogenic spores from infected plants only occurs when the crop is damaged 
beyond hope of recovery therefore a key challenge to monitoring is to detect a 
sparse cloud of incoming spores so that appropriate action can be taken. 
2.4.3.  Conclusions 
The ability to measure a small PBA concentration rapidly enough to 
correlate it with meteorological data would be useful in modelling disease spread 
and precipitation formation but the speed of conventional sampling methods makes 
this challenging because of expensive consumables and large statistical 
uncertainties.  Despite measurements and global models suggesting that the tropical 
regions - which are strongly convective - are significant sources of fungal spores, 
their importance in cloud processes is not yet characterised because of the limited 
range of ambient measurements.  Based on the limited evidence available it appears 
that bacteria and pollen have ice nucleation properties at warmer temperatures than 
non-PBA, but that fungal spores may not.  This provides a framework within which 
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PBA could have a stronger effect on atmospheric processes than its small number 
concentration suggests, but even the number concentration is open to debate. 
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3.  On-line bioaerosol detection 
The early 1990s saw the perceived risk of biological weapons being used 
in warzones rise substantially. Research funding was focussed accordingly on ways 
to rapidly distinguish biological agents, specifically bacteria, from the background 
aerosol. The challenge is to do so using instruments that can run unattended for 
long periods and withstand battlefield use. This would be difficult using the filter-
based techniques discussed in the previous chapter, which are intended for use over 
several hours and feature laborious, delicate analysis methods. Flow cytometry 
would be well-suited to the task because any bacteria can be identified rapidly and 
automatically once collected. The logistics of staining the collected samples are 
prohibitive and a flow cytometer is a large piece of hardware, although some 
advances towards portable versions have been made recently. 
Automated size classification and data storage had already been achieved using 
optical particle counters (e.g. Orsi and Fuzzi, 1983) so total aerosol size 
distributions at PBA-relevant diameters could be monitored continuously, but 
discriminating between PBA and non-PBA was, and remains, more difficult.  
Attention was concentrated on using optical techniques to distinguish PBA from 
non-PBA. These techniques are the most appealing because of the potential for 
instrument miniaturisation and the fact that no consumables are needed for their 
continued operation.   
A range of techniques has been applied to date, and development continues. 
Backscatter of polarised light using horizontal LIDAR measurements in field tests 
has allowed detection of plumes of bioaerosols (e.g. Glennon et al., 2009).  Raman 
spectroscopy is able to distinguish PBA from non-PBA and distinguish between 
bacteria and pollen samples (e.g. Sengupta et al., 2005). A major downside to this 
approach is that the Raman cross-section of PBA has to be enhanced by mixing the 
sample with a liquid suspension of copper, silver or gold. This means that, in 
reality, Raman techniques do require consumables and are somewhat unattractive 
for continuous operation. The signal from a single particle is also usually too weak 
to be detected reliably using this approach, so bulk samples must be analysed, 
reducing the ability to identify a minority of biological particles against the 
background. 
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Laser-induced breakdown spectroscopy (LIBS) is another promising technique. A 
highly focussed, high-intensity laser beam (λ ~ 1000 nm) forms plasma when it 
meets a particle. As the plasma cools its emission spectrum contains characteristic 
peaks corresponding to the elemental composition of the particle (e.g. Cremers and 
Chinni, 2009).  The ratios of these peaks can be used to infer the chemical 
composition, and the relative contributions of Ca, K, P and Na appear to be quite 
specific for different types of PBA (e.g. Hybl et al., 2006), however it is difficult to 
distinguish between PBA and soil-derived particles and this is also a destructive 
technique. 
Ho (1996) discusses the proof-of-concept of intrinsic PBA fluorescence being 
detected using a flow cytometer. Research began at around this time in order to 
achieve the same results using particles suspended in air rather than liquid.   
Intrinsic fluorescence from PBA is induced by a UV light source (usually a laser) in 
a process called light-induced fluorescence (LIF).  The resulting fluorescence is 
harder to detect than that from fluorescent-stained particles as it is weaker. Like 
LIBS it also suffers from false-positives, but unlike LIBS and enhanced Raman 
spectroscopy it is non-destructive so the particle can be passed onto another piece 
of equipment for further analysis.  This chapter discusses the fluorescence of 
various substances found in ambient aerosol and the advances in LIF instruments 
that allow single-particle measurements to be performed. 
3.1.  Fluorescence 
3.1.1.  Luminescence processes 
When a photon is absorbed by an atom its energy excites the atom’s 
rotational, vibrational or electronic state.  The rotational and vibrational energy 
levels typically have the smallest spacing and are excited by photons with 
wavelengths in the far-infrared and near infrared respectively. Visible and 
ultraviolet photons carry more energy and typically excite an electron from the 
ground state. The absorption spectrum of an atom or molecule is therefore defined 
by regions corresponding to vibrational, rotational and electronic energy levels.  
After electronic excitation there is a transition back to the ground state, which can 
occur either directly between the excited state and the ground state or via an 
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intermediate level.  Relaxation to the ground state usually involves a radiative 
transition in which a photon is emitted. It may also involve zero or more non-
radiative (thermal) transitions, which relate to vibrational energy levels - a process 
known as internal conversion.  
A radiative transition directly between the excited and ground states (Figure 10i) is 
known as elastic scattering because the wavelengths of the incoming and outgoing 
photons are the same.  If there is an intermediate vibrational energy level between 
the excited and ground excited states (Figure 10ii) then the transition will proceed 
via this because vibrational transitions are more probable than radiative transitions 
(e.g. McQuarrie and Simon, 1997).  A radiative transition then occurs to complete 
the relaxation to the ground state, but the energy lost to internal conversion means 
the emitted photon has a longer wavelength than the incoming photon. This is 
known as inelastic scattering. 
Two inelastic processes can occur: phosphorescence and fluorescence. The key 
difference between the two is that phosphorescence occurs via “forbidden” (low-
probability) transitions and depends on the collision of two molecules, whereas 
fluorescence uses “allowed” (high-probability) transitions. Fluorescence is 
therefore a much more rapid process and is usually favoured if the two compete.  
Fluorescence and phosphorescence intensity from a bulk sample of excited 
molecules decay exponentially, with typical e-folding lifetimes of ~10-9—10-8 sec 
for fluorescence and seconds to minutes for phosphorescence.  
 
 
 
 
Figure 10 Basic depiction of (i) elastic and (ii) inelastic scattering of a photon 
3.1.2.  Bio-fluorophores 
All living material on Earth contains protein and metabolises nutrients into 
energy in some way, therefore if intrinsic fluorophores related to these can be 
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identified, this kind of material can be detected without the fluorescent staining 
process discussed in Chapter 2. 
A protein molecule is a mixture of peptides, made up of combinations of the 22 
standard amino acids and non-peptides known as cofactors.  The excitation bands 
of protein are found at 200—230 nm and 260—300 nm but the shorter wavelength 
generates weaker fluorescence. The three most fluorescent amino acid residues are 
Phenylalanine, Tryptophan and Tyrosine. These typically make up ~1% of protein 
mass (e.g. Lakowicz, 2006). The fluorescence properties of these residues are 
summarised in Table 3 and the excitation and fluorescence emission spectra are 
plotted in Figure 11(i, iii, iv), respectively.   
Tryptophan dominates the fluorescence emission from protein because of its large 
quantum yield and high absorptivity at UV wavelengths.  Its absorption spectrum 
does not change when peptide bonds are formed, so free Tryptophan and that in 
peptides can be identified using the same experimental technique. Tyrosine has a 
slightly larger fluorescence quantum yield (QF) than Tryptophan but it is a weaker 
absorber, so produces less intense fluorescence at a given UV fluence. 
Table 3  Fluorescence properties of aromatic amino acids (Demchenko, 1986) 
Amino acid λE maximum 
(nm) 
λF maximum 
(nm) 
QF Fluorescence 
lifetime (ns) 
Phenylalanine 260 282 0.02 6.8 
Tyrosine 275 304 0.14 3.6 
Tryptophan 295 353 0.13 3.1 
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Figure 11 (i—iv) Absorption and fluorescence emission spectra of various bio-fluorophores 
dissolved in water (pH=7), (v—viii) aromatic compounds dissolved in cyclohexane, 
from PhotochemCAD (Du et al., 1998). 
Lohmann et al. (1988) note that many types of biological material emit 
fluorescence peaking at ~475 nm when excited at 360 nm. This is attributed to the 
co-enzyme nicotinamide adenine dinucleotide (NADH), which carries an electron 
as part of the metabolic process. Its absorption and emission peaks are at 350 nm 
and 400—600 nm (Figure 12i).  It is fluorescent whether or not it is bound to 
protein as a cofactor, but NADH has more variants, each with different fluorescent 
properties: NAD+ (its oxidised form) is non-fluorescent at these wavelengths (Eng 
et al., 1989) and NAD(P)H fluorescence is four times less intense. Fluorescence 
from NADH can therefore be interpreted as an indicator of active cell metabolism. 
Flavin adenine dinucleotide (FAD) is a fluorescent cofactor excited at ~450 nm 
(blue light rather than UV) that emits fluorescence at 500-650 nm, peaking at 
~525 nm (Figure 12ii). Unlike NADH its oxidised form is fluorescent while its 
reduced form is not, and it is also weakly fluorescent when bound to proteins.  
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Figure 12 Absorption and fluorescence spectra of (i) NADH and (ii) FAD (Lakowicz, 2006) 
Riboflavin has a more distinct emission spectrum (Figure 11ii) than the other 
flavins. It is excited at 300—500 nm with peaks at 370 nm and 450 nm and emits 
fluorescence from 500—700 nm.   
Chlorophyll is excited at 400—450 nm and emits fluorescence from 650—750 nm 
(Figure 13; e.g. Pinnick et al., 1995).  Chlorophyll-type fluorescence has been 
detected from plant material including leaves and banana skins.   
 
Figure 13 Absorption and fluorescence spectra of Chlorophyll-a dissolved in Methanol 
In summary, most bio-fluorophores have broad excitation and emission bands with 
one or two characteristic features in each.  Groups of bio-fluorophores are excited 
(i) 
(ii) 
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at different wavelengths:  450—500 nm generally excites chlorophyll and flavins, 
350—450 nm excites primarily NADH and flavins, and 260—300 nm excites the 
aromatic amino acids. 
3.1.3.  Non-biological fluorophores 
Some aromatic hydrocarbons found in the atmospheric aerosol have 
similar fluorescence properties to bio-fluorophores. For example, Benzene and 
Tyrosine have similar aromatic ring structures, QF, excitation and fluorescence 
emission bands (e.g. Demchenko, 1986).   
Combustion processes and vegetation are important sources of aromatic 
hydrocarbons, whose fluorescence and absorption features depend on chemical 
species.  It is also important to note that the emission/absorption spectrum of a 
complex hydrocarbon containing two fluorophores (e.g. Benz[a]Pyrene) can be 
unlike those of the constituent fluorophores. 
The absorption and fluorescence emission spectra of a small subset of aromatic 
hydrocarbons often found in the aerosol phase (Napthalene, Benzene, Toluene and 
Pyrene) are plotted in Figure 11(v-viii).  Comparing them with the bio-fluorophores 
in Figure 11(i-iv), it is clear that Phenylalanine and Tyrosine share excitation and 
emission bands with Benzene, that Tryptophan is quite similar to Napthalene and 
Pyrene, aside from having a wider fluorescence band. Toluene has similar 
fluorescence characteristics to Tyrosene. Interestingly, the long-wave fluorescence 
of Riboflavin means it does not have an obvious non-biological counterpart in this 
subset. 
Humic like substances (HULIS) are another category of molecules with similar 
fluorescence properties to bio-fluorophores. HULIS includes fulvic and humic acids 
that are found in soil, having formed during the degradation of plant material. As a 
result they are not explicitly biological and therefore not PBA, but related to a 
biological process.  Fluorescence from each is excited in a broad band from 240—
390 nm and is emitted from 350—520 nm, peaking at ~430 nm (e.g. Sierra et al., 
2000), which resembles that from NADH and FAD.  It overlaps slightly with the 
emission from Riboflavin, but not at all with that of Chlorophyll. It therefore 
appears that fluorescence following long-wave excitation (λe > 400 nm) is more 
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likely to be from bio-fluorophores than non-biological aromatic hydrocarbons or 
HULIS, of the type discussed here. 
3.1.4.  Fluorescence of PBA and other aerosol types 
The emissions from proteins, flavins and co-enzymes dominate the 
fluorescence from a biological aerosol particle, and this is proven by several 
published datasets concerning the excitation and fluorescence wavelengths of 
different bioaerosol types. 
Corn, paper mulberry and pecan pollen each have an excitation peak at 400—
500 nm and strong fluorescence peaks at 500—600 nm, likely to be Riboflavin. 
Some pollens also exhibit Tryptophan-like absorption and fluorescence features 
(e.g. Hill et al., 2009). 
Fluorescence from a wide range of bacteria has been reported in the literature 
because this is relevant to biowarfare agent detection. A remarkably consistent 
feature of bacteria fluorescence spectra is the strong peak at 300—400 nm due to 
Tryptophan.  Peaks corresponding to NADH and flavins are also observed, but less 
consistently than for Tryptophan (Hill et al., 2009). 
Fungal spores tend to exhibit weaker fluorescence per unit mass than bacteria, but 
feature NADH, Riboflavin (e.g. Kanaani et al., 2008) and in many cases 
Tryptophan-like absorption and emission bands (e.g. Sivaprakasam et al., 2004). 
The spectra of leaf litter following a 363 nm excitation (Pinnick et al., 1998; shown  
in Figure 15) features NADH and Chlorophyll peaks. The latter indicates that 
Chlorophyll fluorescence can be induced at wavelengths shorter than 488 nm if 
strong enough incident radiation is provided. 
The intrinsic fluorescence of human skin was investigated by Gillies et al. (2000), 
and is dominated by Tryptophan, Collagen (λF = 350—450 nm) and NADH 
(λF = 400—600 nm). A feature at 600 nm is believed to be unique to human skin. 
Fuentes et al. (2006) found the fluorescence emission from domestic waste and 
manure, each of which contain HULIS, occupied a broad band from 300—450 nm 
following excitations between 260—370 nm.  This was not thought to be residual 
NADH in a substance that had recently been PBA. 
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Merola et al. (2001) studied particulate emissions from vehicle exhausts following 
excitation at 266 nm. Diesel fluorescence peaked strongly at 300—340 nm and 
380—500 nm. Unleaded and leaded fuel emissions peaked at 350—450 nm, and 
leaded fuel had a second peak at 300—340 nm. The average spectra from these 
particles are shown in Figure 14 and resemble - but are certainly not - combined 
Tryptophan/NADH emissions. Cigarette smoke fluorescence has also been 
measured (Pinnick et al., 1998) following a 363 nm pulse and this is plotted in 
Figure 15 alongside those of leaf litter, puffball fungus spores and Bacillus subtilis 
var. niger (also known as BG) spores. The broad-band fluorescence of fungal 
spores can also be seen in this plot. This illustrates the challenge of using UV-LIF 
to distinguish biological particles from PAHs since cigarette smoke and BG 
fluorescence spectra are very similar. Figure 16 shows how the fluorescence 
spectrum of BG spores is different if a shorter excitation wavelength (266 nm) is 
used. 
 
Figure 14 Fluorescence emission spectra of vehicle exhaust particulates following a 266 nm 
excitation (from Merola et al. ,2001). 
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Figure 15 Mean fluorescence spectra for different types of biological particles in the laboratory 
following a 363 nm excitation (Pinnick et al., 1998). 
 
Figure 16 Fluorescence spectra of different 5µm particles following 266 nm  excitation 
(Pinnick et al., 1999) 
3.2.  Development of UV-LIF aerosol spectrometers 
The development of UV-LIF spectrometers is summarised chronologically 
in Table 4, which details the wavelengths and the measurement technique involved. 
488 nm excitations were used initially to try and mitigate false positives.  Pinnick et 
al. (1995) were able to distinguish between bacteria and leaf litter, and discriminate 
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bacteria and vegetative cells from non-biological dusts. Nachman et al. (1996) 
compared emission spectra following excitations at different wavelengths and noted 
that fluorescence from bacteria and spores following a 488 nm excitation was weak, 
and that shorter wavelengths should be used despite the increased risk from non-
PBA fluorescence.   Hill et al. (1995) also noted that using wavelengths shorter than 
488 nm to excite biological particles is likely to generate more intense fluorescence, 
while Pinnick et al. (1998) found that adding a 266 nm excitation to a 488 nm 
instrument provided additional discrimination between bacteria and leaf material.  
 Table 4  Summary of UV-LIF aerosol spectrometer development.  SP = Single particle 
(pulsed laser), CW = Continuous wave laser, CS = Continuous fluorescence spectra 
recorded, TI = total fluorescence intensity recorded. 
Year λE (nm) λF (nm) CS/TI SP/CW Reference Name 
1995 488 530—550 TI CW Pinnick et al. 
(1995) 
Fluorescent particle  
counter  
1995 488 500—700 CS CW Hill et al. (1995) Aerosol fluorescence 
spectrum analyser 
1996 488 
266 
500—650 CS CW 
SP 
Nachman et al. 
(1996) 
 
1996 325 400—580 TI CW Ho (1996) FLAPS 
1997 325 420—580 TI CW Hairston et al. 
(1997) 
FLAPS 
1998 488 
266 
300—700 CS CW 
SP 
Pinnick et al. 
(1998) 
Aerosol Fluorescence 
Spectrum Analyzer 
1998 325 420—575 TI SP TSI Inc. UV-APS (Based on 
FLAPS) 
1999 266 
351 
500—700 CS SP Pinnick et al. 
(1999) 
Fluorescence particle 
counter v2 
1999 325 420—580 TI SP Ho et al. (1999) FLAPS-2 
1999 266 300—400 
400—600 
TI SP Lockheed 
Martin Inc. 
Biological Agent 
Warning System 
(BAWS) 
2004 266 
355 
300—400 
400—500 
500—600 
TI SP Sivaprakasam et 
al. (2004) 
 
2004 280 
370 
300—400 
400—600 
TI SP Kaye et al. 
(2005) 
WIBS-2 
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3.2.1.  Single-particle measurements 
A major shortcoming of pre-1998 spectrometers was the use of 
continuous-wave (CW) lasers for excitation. This significantly increased the 
ambiguity of the measurement because it was not clear if the measured fluorescence 
arose from widespread weakly fluorescent particles in the sample, or from a few 
strongly fluorescent particles. 
Nachman et al. (1996) had demonstrated a conditional firing approach in which 
particles traversed a 633 nm CW laser beam in single-file, having been focussed 
into a narrow stream by a jet. The scattered light detected from each particle was 
used to trigger a 488 nm excitation pulse directed at a single particle rather than an 
ensemble. There followed a turning point post-1998 as other groups incorporated 
conditional firing into their devices. 
Single-particle measurements dramatically reduce the uncertainty relating to how 
many particles of a given sample are fluorescent by reducing the exposure time 
from ~10—100 milliseconds to ~10 µs. They also introduce a challenge, because 
each particle has to be able to produce sufficiently intense fluorescence to be 
measured reliably.  This in turn requires more intense excitation sources and/or 
greater photon collection efficiency by the optics.   Fluence is the excitation energy 
per unit area (J cm-2) provided to a particle and is used in preference to intensity, 
which does not indicate how long a particle is illuminated by the excitation pulse, 
when describing how strongly a particle is illuminated. 
Using CW lasers to trigger pulsed 266 nm or 351 nm sources was a common theme 
in 1999.   Pinnick et al.  (1999) observed continuous fluorescence spectra from 
washed and unwashed vegetative cells that were distinguishable using 351 nm but 
not 266 nm excitations. Sivaprakasam et al.  (2004) found that  measuring the 
fluorescence intensity in three broad wave bands after dual-wavelength excitation 
allowed fungal spores, proteins, vegetative cells and bacteria to be discriminated. 
The development of the WIBS-2 by Kaye et al (2005) was an advance for 
instrument portability. They found it was possible to deliver the required fluence to 
a particle (200—300 µJ cm-2; Kaye et al., 2005) using Xenon flash lamps tuned 
using optical filters rather than lasers. This allowed power consumption, instrument 
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size and cost to fall by an order of magnitude. The pulse-to-pulse variability of the 
Xenon lamps is ~3% compared to the UV laser in the UV-APS, which is ~25% 
(Kanaani et al., 2008). The disadvantages are (i) the Xenon excitation pulses have 
much greater spectral widths than the emission line of a laser, and (ii) they incur 
increased instrument dead-time because of a minimum lamp recharging period 
between excitations. 
3.2.2.  Elastic scattering 
Elastic scattering was measured as a proxy for particle size in non APS-
based instruments, the latter measuring time-of-flight diameter. In early work this 
was simply the scattered light from the 488 nm laser, which did not allow for a 
reliable measurement because of absorption by fluorescent particles. Dedicated 
diode lasers were added to provide this information. Pan et al. (1999) found tobacco 
smoke and BG spores could be distinguished using elastic scattering (but not 
fluorescence) because of the small size of smoke particles.  Having both of these 
techniques in a single instrument therefore improves its particle classification 
capabilities. 
There is also some limited information to be gained from analysing the angular 
distribution of elastically scattered light. A perfectly homogeneous sphere will 
generate an intensity distribution that is symmetrical about the beam axis, and 
deviations from this, in particle shape or homogeneity, generally reduce the 
distribution’s symmetry (e.g. Aptowicz et al., 2006). Most coarse-mode particles 
are non-spherical (fragments, agglomerates or structural units), so this information 
is more useful in environments with limited range of particle sources. 
3.2.3.  Ambient aerosol fluorescence 
Despite the range of devices and studies on PBA fluorescence, few 
actually involve ambient aerosol, with researchers preferring to use laboratory or 
controlled outdoor PBA releases to test their instruments.  Pan et al. (2007) provide 
a useful fluorescence dataset regarding ambient aerosol larger than 3 µm 
(λE = 266 nm) in urban, desert and suburban locations in the USA.  Using a 
classification algorithm they found that 90% of the spectra they obtained could be 
described using just ten template spectra, which are plotted in Figure 17.  While a 
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large number of particles was analysed, these measurements were only of ~30 
minute duration apiece. 
To summarise their interpretation of the results, templates 1, 2 and 3/11 could be 
either PBA or aromatic hydrocarbons. Template 6 could not be attributed either 
way and templates 8-10 are probably HULIS because of the broad peaks.  Cluster 8 
represents 28—39% of the total number of fluorescent particles, cluster 2 is 13.8—
28.2% and clusters 3/11 are 0.9—11.8%. Fluorescent non-PBA therefore dominate 
the measured fluorescent particle population at each site. 
Of the less ambiguous template spectra, template 4 is identical to Tryptophan, 
suggesting bacteria and template 5 resembles the spectrum of marine aerosol 
measured by previous investigators. Template 7 was thought to be cellulose (fungal 
in nature), as the peak at 400—500 nm is too narrow to be HULIS, oil or car 
exhaust.  One shortcoming of this study is the general lack of information for 
particles in the size range 1—3 µm, as there is likely to be a great deal more 
structure here because of the transition from bacteria to smaller fungal spore types. 
 
Figure 17 Ambient aerosol fluorescence spectra following a 266 nm excitation. 3 locations are 
used: MD = Maryland (Urban), NM = New Mexico (Desert) and CT = Connecticut 
(Suburban). Taken from Pan et al. (2007). 
Prenni et al. (2009) outline the results obtained using a UV-APS above tropical 
rainforest in Amazonia.  Despite the previous work stating that fluorescent aerosol 
64 
is dominated by non-PBA they cite Ho (2002) and state that biological particles 
dominate the ambient fluorescent aerosol. Ho (2002) deals mainly with field trials 
where PBA is intentionally released upwind of a UV-APS, but the assumption is 
still reasonable because the tropical forest region they sampled in is unlikely to be 
influenced strongly by PAHs. They also restrict their analysis to particles sized 
0.54—1.38 µm and typically find 0.7–47 l-1 of fluorescent particles within this size 
range. Again the temporal extent of the data set is limited (34 hours) so they do not 
discuss any diurnal variations in the observed concentrations. 
The only study (this work aside) discussing continuous ambient fluorescent aerosol 
number and size measurements is Huffman et al (2010), who use a UV-APS to 
monitor particles in Mainz, Germany, for the period 3rd August to 4th December 
2006. They identified fluorescent modes at DA = 0.8 µm and 3 µm. They state that 
the smaller of these is likely to be dominated by PAHs because combustion 
particles are smaller, and that the larger peak is the result of fluorescent biological 
aerosol particles (FBAP). The larger size mode peaked in concentration shortly 
after sunrise each day and was present at smaller concentrations throughout the day. 
Coarse mode FBAP number varied from 1.2—1,400 l−1 and its number fraction 
rose with size, peaking at 20—30% at DA ≥ 4 µm (shown in Figure 18). They also 
observed transient modes at DA = 1.5, 5 and 13 µm and attribute these to bacteria 
agglomerates, spores and pollen grains, respectively. There was a positive 
relationship between coarse FBAP number and RH and the FBAP number 
concentration was not correlated with total number concentration, suggesting a 
different source. 
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Figure 18 Number fraction of fluorescent aerosol particles obtained using a UV-APS in Mainz, 
Germany, over 3 months in 2006 
This pair of observations is interesting since it indicates a separate fungal source 
with emission activity that increases after sunrise 
3.2.4.  Comparison of UV-LIF results with conventional bio-samplers 
The mean coarse FBAP concentration recorded by Huffman et al. in Mainz 
was 30 l-1 over the four months of their campaign.  Matthias-Maser and Jaenicke 
(1995) recorded PBAP number downwind of Mainz and found 20—30 l-1 at 
DP ≥ 3 µm (estimated from their size distribution) although this represents only one 
afternoon of data. 
UV-LIF performance has also been measured under more controlled conditions. Ho 
et al. (1999) conducted outdoor BG spore releases and found the fluorescent 
particle count and culturable number correlated positively. Agranovski et al. 
(2003a) tested nebulised P. Fluorescens, BG spores and BG cells. They found little 
fluorescence from P. Fluorescens and BG spores, but significantly more from BG 
cells. The latter had a positive correlation with the culturable number collected with 
a liquid impinger. Kanaani et al. (2008) suspended fungal spores and found the 
culturable fraction (collected using a liquid impinger) was comparable, and well-
correlated, with the percentage of fluorescent material recorded with a UV-APS. 
Agranovski et al. (2003a) note that unwashed bacteria samples grown in the lab, 
such as those used by Hairston et al. (1997), may not be as fluorescent as reported 
because of contamination from the growth medium used.   Hill et al (2009) found 
that wet and dry bacteria samples consistently exhibited a Tryptophan peak 
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following a 266 nm excitation, but a longer-wavelength emission was suppressed or 
nonexistent in wet samples.  Hill et al. (1999) also noticed that a longer-wave 
fluorescence peak present in unwashed bacteria vanished after washing, and 
attributed it to growth media dissolving in the washing process. 
3.2.5.  Factors affecting PBA fluorescence  
The collection of fluorophores in PBA is not the only factor determining 
spectral features. External factors such as desiccation and physiological age also 
have an appreciable effect on both the intensity and the structure of detected PBA 
fluorescence. 
Pinnick et al. (2004) found that the Tryptophan peak emission from bacteria shifted 
from 335 nm to 352 nm as a cluster dried. Faris et al. (1997) investigated 
Tryptophan fluorescence intensity in aqueous and dry BG spores.  They found it 
was 25% lower in aqueous samples than dry samples if UV fluence was less than 
1,000 µJ cm-2, but it increased by an order of magnitude in aqueous samples under 
more intense illumination. Moisture therefore has an important impact on measured 
intensity and spectral features from PBA. 
Hill et al. (2001) produced BG clusters of different diameters and showed that 
fluorescence intensity increased with particle area, and that size does not affect the 
spectral features. This does not take into account the fact that some bacteria feature 
pigments that absorb at UV wavelengths to protect against damage in the 
atmosphere.  
The fluorescence intensity from bacteria varies with age, with the most intense 
NADH fluorescence associated with the rapid growth stage of a colony 
(Agranovski et al., 2003b). Kanaani et al. (2007) also noted that NADH 
fluorescence intensity from fungal spores reduced with physiological age.  Uk Lee 
et al. (2010) terminated bacteria by treating them with a thermal shock of 300°C. 
They found this process caused no appreciable change in their fluorescence 
intensity measured using a UV-APS. This indicates that bacteria fluorescence from 
NADH-like substances is likely to decrease only gradually after cell death, as 
protein and cofactors break down.  The relationship between bacterial fluorescence 
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intensity and age is therefore not monotonic and no step change is associated with 
viability changes. 
Pinnick (2001) investigated liquid drops with varying concentrations of 
Tryptophan.  They discovered that the concentration in a droplet cannot be 
determined beyond a certain concentration because it starts to absorb some of its 
own fluorescence (quenching). The physical arrangement of proteins will also 
affect the fluorescence yield (Lakowicz, 2006).  On a larger scale, however, the 
number of bacteria in a cell can be estimated, and this was demonstrated by 
Agranovski and Ristovski (2005). 
3.2.6. Conclusions 
 A lack of variability in the features of atmospheric aerosol fluorescence 
spectra is a mixed blessing. It is convenient for simplifying UV-LIF spectrometers 
because simply measuring the intensity across a few bands provides similar 
information to the continuous spectrum.  It is inconvenient because it limits the 
discrimination ability of UV-LIF to a few broad PBA types. Fluorescent non-PBA 
cause significant ambiguity in interpreting UV-LIF results, especially in urban 
areas. This is mitigated somewhat by the inclusion of elastic scattering distribution 
or size measurements, because many false positives are often associated with 
particles significantly smaller than PBA although HULIS are likely to contribute 
false positives in aerosol larger than ~1 µm. Pinnick et al. (2004) state that more 
humic acid mass is present in PM2.5 than in PM10-2.5, potentially placing an upper 
limit on this. Calace et al. (2001) found fulvic acid in marine aerosol as well as soil 
dusts. These contributions will be highly dependent on region, and supplementary 
measurements are needed alongside UV-LIF. 
Whilst UV-LIF can detect individual PBA efficiently, fluorescence alone cannot 
unambiguously distinguish PBA from a background featuring false positives. It is, 
however, seen as a useful component of a larger, more elaborate system. In a 
situation where long-term microbiological measurements are impractical, UV-LIF 
can be used as a trigger to limit these measurements to periods when an abnormal 
fluorescence signature is detected.  Orthogonal measurement techniques such as 
combined UV-LIF and LIBS are also being trialled in the Rapid Agent Aerosol 
Detector (RAAD) programme by the US military. 
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It has been established that the fluorescence spectra of ambient aerosol are not 
particularly variable but a number of factors influence fluorescence intensity. These 
measurements all focus on laboratory samples or studies of short duration (tens of 
minutes) with outdoor air.  There is only one study investigating long-term diurnal 
variations of fluorescent aerosol using the LIF approach, and this was in a city 
where false positives are more likely to affect results.  A key question that therefore 
remains unanswered regarding using UV-LIF as a trigger is: “what is the normal 
fluorescent signature in a given environment?”  
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4. Instrument techniques  
This work is based primarily on the Wide Issue Bioaerosol Spectrometer 
version 3 (WIBS-3), but several other instruments feature prominently as they 
provide supplementary particle information and comparisons that help to 
characterise the response of the WIBS-3 to test particles and ambient aerosols. The 
following is a brief description of these instruments and their measurement 
techniques. 
4.1.1. TSI APS (Model 3321) 
 The TSI Inc. Aerodynamic Particle Sizer is based on the principle of time-
of-flight aerodynamic particle sizing, which is outlined Chapter 1. Its size response 
is 0.5—15 µm and sample flow rate is 1 l min-1.  Particle concentration at diameters 
smaller than 0.5 µm is monitored using elastic scattering, but this information was 
not exploited. It has superior size resolution to OPCs and provides total particle 
counts in 52 size bins at time intervals of 1 second or greater. Calibration is 
performed using polystyrene latex microspheres (PSLs). 
4.1.2. GRIMM Dust Monitor (Model 1.108) 
 The Dust Monitor 1.108 is a side-scattering OPC.  It has comparatively 
coarse size resolution compared to the APS because of the ambiguity associated 
with optical sizing, but has a greater size range: 0.3—20 µm in 15 size bins. It 
samples at 1.2 l min-1 and reports the size-resolved particle concentration at 
6 second time intervals.  As the name suggests, the primary purpose of this 
instrument is to monitor dust, so it is calibrated using dolomite dust rather than 
PSLs, but in practice it reports monodisperse PSL sizes similar to the APS (Peters 
et al., 2006). 
4.1.3.  Environmental Scanning Electron Microscopy (ESEM) and Energy 
Dispersive X-ray (EDX) analysis. 
Polycarbonate filters are used to collect bulk samples of ambient aerosol 
for ESEM imaging using a Philips Model XL30 ESEM-FEG.  Unlike conventional 
SEM, ESEM uses a weaker vacuum with water vapour present inside the imaging 
chamber to maintain particle hydration. Atoms in the sample are ionised by a highly 
focussed electron beam and the liberated electrons proceed to ionise the gas 
molecules within the ESEM chamber. This results in a cascade effect, amplifying 
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the original signal before detection. The advantages of ESEM over SEM are that 
samples do not need to be coated with conductive material such as gold before 
imaging, and biological particles can be hydrated so they better resemble their 
counterparts in the outdoor environment (Philips XL30 ESEM-FG Manual). Images 
were collected using the gaseous secondary electron (GSE) detector. 
The ESEM also has an EDX spectrometer attached to it, and this is used to perform 
elemental analysis on each particle. A 15 keV electron beam liberates an electron 
from the “K” shell of each atom and an electronic transition from a higher energy 
level replaces the liberated electron. An X-ray photon is emitted during this 
transition, with an energy characterised by the atomic species. This yields an energy 
spectrum with peaks corresponding to the dominant elements in the sample (e.g. 
Hollas, 1996). 
4.2. The WIBS-3 
 The WIBS-3 is a low-cost single-particle fluorescence spectrometer. It 
excites fluorescence in particles with optical equivalent diameters between 0.8—
20 µm using two excitation wavelengths. It then measures the intensity of emitted 
fluorescent light in two broad bands corresponding to the peaks in the Tryptophan 
and NADH characteristic emission spectra.  The size and morphology of particles 
are also quantified using elastic scattering intensity and its variation measured over 
several different angles (Kaye et al., 2007). 
4.2.1. Theory of operation 
 A cutaway view of the WIBS-3 optical chamber and sample flow system is 
shown in Figure 19.  Ten percent of the inlet air is drawn through a tube of inner 
diameter 1.2 mm so that particles are presented to the sensing region in a single-file 
beam.  The rest of the air is filtered and used as a sheath flow.  Particles first pass 
through a diode laser beam (λ = 633 nm) and a PMT slightly offset from the beam 
(covering 3.5—12.6° from the beam direction) measures forward-scattered light 
from the laser. Figure 19 also shows one of two spherical mirrors in the optical 
chamber.  Each of these subtends 2 steradians (53—127° from the beam direction) 
and focuses light onto a PMT through a hole in the mirror opposite. 
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 The intensity of laser light elastically scattered in the forward and side 
directions is measured and compared with a Mie scattering lookup table to estimate 
particle diameter.  When a sufficiently powerful and long-lived scattering signal is 
detected, two Xenon lamps (Hamamatsu L9455) sequentially provide excitation 
pulses lasting 1.5 µs, separated by 10 µs to allow for the first pulse to subside fully 
and for the detectors to recover.  An optical filter defines the pulse spectrum from 
each lamp and the combined wavelength responses are shown in Figure 20(i), with 
one overlapping the excitation band of Tryptophan and the other of NADH.   
 Any fluorescence emitted by a particle is measured by the PMTs behind 
each mirror, and these PMTs are also fitted with optical filters to limit their 
wavelength responses to 310—400 nm and 400—600 nm. The filter response 
curves are shown in Figure 20(ii). An excitation pulse and its associated 
fluorescence measurement(s) occur simultaneously because the fluorescence 
lifetime is short compared with the excitation pulse decay time.  Fluorescence 
recorded during the first (280 nm) pulse is recorded by both PMTs but the second 
(370 nm) pulse saturates the 310—400 nm detector, so only the 400—600 nm band 
is used. These excitation/fluorescence combinations make up three measurement 
channels, which are summarised in Table 5. The 400—600 nm PMT also performs 
the elastic side-scattering intensity measurement because it is weakly sensitive at 
633 nm so that scattered light intensity is within its sensitivity range. A more 
complete chronology, including how the instrument processes data, is shown in a 
flow chart in Figure 29 at the end of this chapter.  
 The use of Xenon lamps to provide excitation pulses in the WIBS-3 limits 
the particle detection rate to 125 Hz because of the time needed for them to 
recharge following each pulse.  The WIBS-3 sample flow rate is 0.23 l min-1, less 
than that of other instruments such as the UV-APS (1 l min-1).  This combination of 
flow and pulse rates allows a maximum instantaneous concentration of 
2×105 particles l-1 to be measured, but if a second particle arrives within 10 ms of 
the first its fluorescence cannot be measured. These “missed” particles are still 
counted by the laser detection system so that the particle concentration can be 
scaled appropriately after data acquisition.  
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Figure 19 Cutaway schematic of the WIBS-3 sensing volume (provided by University of 
Hertfordshire) 
 
 
Figure 20 Wavelength spectra of (i) Excitation pulses from optically filtered xenon lamps and 
(ii) response of optically filtered photomultiplier tubes in WIBS-3. 
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OPTICS 
SAMPLE 
INLET  
PMT 
OPTICS  
MIRROR 
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Table 5  Summary of WIBS-3 fluorescence channels wavelengths and target fluorophores. 
Channel Excitation wavelength Detection wavelength Fluorophore 
FL1_280 280 nm ± 20 nm 310 – 400 nm Tryptophan 
FL2_280 280 nm ± 20 nm 400 – 600 nm NADH/Other 
FL2_370 350 nm ± 50 nm 400 – 600 nm NADH 
 
Missed particles have to be considered even when ambient concentrations are much 
smaller than ~105 l-1 because particles are not evenly spaced in the sample stream. 
This issue does not affect pulsed laser detection systems as severely because the 
“dead time” following a pulse is much shorter than 10 ms (e.g. 200 µs in the UV-
APS according to Kanaani et al., 2008).   
4.2.2.  Asymmetry factor 
The sensitive area of the forward scattering PMT is split into quadrants so 
that it can perform a rudimentary measurement of the forward scattered intensity 
distribution.  As discussed in Chapter 3, the rotational symmetry of the pattern is 
affected by particle morphology and alignment relative to the laser beam.  The 
WIBS-3 quantifies this pattern using the asymmetry factor (AF), the fractional 
standard deviation of forward-scattered intensity over these quadrants using the 
following relation: 
AF = k
E − E i( )2
i=1
n
∑
E
  
where Ei is the intensity in quadrant i, E is the mean intensity over all four 
quadrants and k is a calibration constant so that AF has a value between 0 and 100.  
A perfectly spherical particle such as a water drop has a small AF value because it 
generates a rotationally symmetrical scattering pattern (shown in Figure 21i) 
whereas an asbestos fibre (Figure 21ii) has a large AF value. The transition between 
the two is exemplified by an ellipsoidal particle (Figure 21iv) but this qualitative 
relationship breaks down with a more complicated shape such as a cubic salt crystal 
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(Figure 21iii), which forms an elaborate pattern with a higher degree of rotational 
symmetry than the ellipsoid or fibre. 
AF therefore cannot be mapped to a specific shape, but does allow a relative 
distinction to be made between aerosol populations with significantly different 
morphological properties. Morphology and composition also affect optical sizing 
accuracy, so a population with high AF or a broad AF distribution is likely to have 
a higher degree of uncertainty associated with its measured size spectrum. 
 
Figure 21 Forward-scattering patterns generated by (i) Water drop, (ii) Asbestos Fibre, (iii) 
Salt crystal and (iv) 2µm ellipsoid (taken from Kaye et al., 2007). 
 
A complete list of all the parameters recorded by the WIBS-3, including diagnostic 
data, is summarised in Table 6 at the end of this chapter. 
4.3. Laboratory characterisation of the WIBS-3 
4.3.1. Coincidence error threshold and lower size cut-off 
 Laboratory tests were conducted using generated test aerosols to establish 
the smallest particle diameter the WIBS-3 can measure relative to a GRIMM 1.108 
OPC.  A differential mobility particle sizer (DMPS, Williams, P. PhD Thesis, 2000) 
produced monodisperse water droplets from a nebuliser containing a solution of 
NaCl.  The DMPS operates by applying a charge to a particle and using an electric 
field to draw it across a sheath flow that is directed towards a narrow exit aperture. 
The electric field and sheath flow are set so that only particles of the desired 
electrical mobility diameter (DM) are transmitted through the aperture, producing a 
monodisperse test aerosol.   Droplet size modes ranging from 0.5—1 µm in 
electrical mobility diameter were used, with steps of 0.05 µm between them.   
(i) (ii) (iii) (iv) 
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The 0.3—0.4 µm size channel of the GRIMM OPC was found to be erroneously 
reporting ~104 l-1 at all times, even when sampling filtered air, so this was omitted 
and concentrations at DP ≥ 0.4 µm were used instead. It was assumed that the 
counting efficiency of the GRIMM was close to 100% at 0.4—1 µm so that the 
total WIBS-3 concentration could be compared against it as the aerosol size mode 
increased. In reality, the comparison is a relative counting efficiency between the 
two instruments.  
The WIBS-3 concentration is shown as a fraction of the GRIMM concentration in 
Figure 22(i).  This fraction (the counting efficiency) was small from 0.5—0.7 µm 
and rose at DM ≥ 0.8 µm to approach unity at DM = 1 µm.  The WIBS-3 total 
number concentration versus mobility diameter is shown in Figure 22(ii), which 
appears to show that 0.5 ≤ DM ≤ 0.7 µm particles are detected more efficiently than 
DM ≥ 0.8 µm particles. This is not actually the case and occurs because of 
coincidence errors caused by multiple small particles present in the laser beam 
simultaneously. Their combined scattering intensity is subsequently misinterpreted 
by the electronics as a single larger particle.  
 
Figure 22 (i) WIBS-3 counting efficiency (relative to that of a GRIMM OPC) versus DM, (ii) 
reported WIBS-3 number concentration versus DM. 
The actual number concentrations at DM = 0.5 and 0.7 µm were 105 and 4×104 l-1 
respectively, whereas the corresponding WIBS-3 concentrations were a few 
hundred per litre. The number concentration from the DMPS and the number of 
particles in the beam needed to induce this effect both reduce with increasing DM, 
but the former dominated here and so coincidence effects diminished with 
increasing DM.   
(i) (ii) 
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The WIBS-3 classed the coincident particles as DP = 0.7 µm and DP = 1 µm, and 
the GRIMM reported size modes at 0.4—0.5 and 0.4—0.65 µm, respectively.  This 
means some coincidence contributes to WIBS-3 data at DP = 1 µm if a 
GRIMM 1.108 reports large concentrations at 0.4—0.65 µm in ambient air. 
The 50% counting efficiency of the WIBS-3 lies at DM = 0.9 µm, and reaches 100% 
at 1 µm when sampling water droplets. Repeating the experiment using 0.7, 0.8 and 
1.0 µm PSL microspheres and appropriate DMPS settings showed the WIBS-3 
counting efficiency reached 75% at 1.0 µm and reported 1% of the GRIMM 
concentration at smaller sizes. These results indicate that the instruments have 
comparable counting performance as electrical mobility diameter approaches 1 µm, 
but this is not equivalent to optical equivalent diameter. 
Laboratory air was sampled overnight to find this cut-off when sampling ambient 
aerosol. The total concentrations matched most closely at DP ≥ 0.8 µm, and they are 
compared in Figure 24(i). The WIBS-3 reported 12% higher concentration and this 
indicates it has some sensitivity to ambient aerosol at 0.7—0.8 µm.  The reason for 
the disparity in lower size cut-off when comparing aerosol from the DMPS and 
ambient aerosol lies in their differing optical properties.  The WIBS-3 is concluded 
to have a lower size limit of 0.8 µm when sampling ambient aerosol. 
4.3.2.  Size response of the WIBS-3 
The DMPS is unable to provide material larger than 1 µm, so borosilicate 
glass microspheres (nr = 1.56) and PSL microspheres (nr = 1.59) were dry sprayed 
and nebulised (respectively) to evaluate the WIBS-3 sizing accuracy. Figure 23 
shows how the WIBS-3 classified the size of these particles. 
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Figure 23 Calibration curve from WIBS-3 using PSLs (black), Fluoresent PSLs (blue) and 
borosilicate glass microspheres (red). The extent of the error bars represents the 
inter-quartile range. The solid line shows the 1:1 ratio. 
Based on the plot above it can be said that WIBS-3 sizing from 0.8—5 µm is 
largely unambiguous and agrees with the size standards, but there are differences 
between fluorescent and non-fluorescent PSLs. The tolerances on the glass particles 
are 2 ± 0.4 µm and 5.1 ± 0.5 µm, 1 ± 0.05 µm and 2.1 ± 0.1 µm for fluorescent PSL 
microspheres and 0.79 ± 0.009 µm, 1.003 ± 0.015 µm and 3 ± 0.019 µm for NIST-
certified non-fluorescent PSL microspheres.  
There is therefore a tendency to under-size rather than over-size PSLs but not 
fluorescent PSLs. This may relate to the size lookup table being modelled on 
calibration particles from a different manufacturer (Polyscience Inc.) to those used 
here (Duke Scientific, Inc.). A difference in refractive index would cause this and 
could be corrected for, but the uncertainties in the measurements are within the 
particle size tolerances reported by the manufacturers. The GRIMM 1.108 is 
certified to PM10 standards using a density correction factor, but has been shown to 
offer similar results to a TSI APS using PSL microspheres and test dust (Peters et 
al., 2006). 
4.3.3.  Size response to ambient aerosol 
The WIBS-3 software records DP to a higher precision than the instrument 
actually supports, and sensible size channel widths must therefore be chosen. Based 
on the widths of the size peaks from calibration particles (Figure 23) the WIBS-3 
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has comparable size resolution to the GRIMM 1.108, so its lower size cuts were 
therefore used from 0.8 µm upwards: 0.8, 1.0, 1.2, 1.5, 2, 3, 5, 8, 10 and 15 µm. 
This also allows the two instruments to be compared readily.   
4.3.4. Ambient aerosol comparison with GRIMM 1.108 and TSI APS 3321 
 
Figure 24 (i) Scatter plot of WIBS and GRIMM concentration (5 min averages, DP ≥ 0.8µm) 
and (ii) the ratio of WIBS:GRIMM number segregated by size bin. Black line: direct 
comparison 
The WIBS:GRIMM concentration ratio when sampling ambient aerosol in the 
laboratory is shown as a function of size interval in Figure 24(ii). The total 
concentration is well-correlated but this ratio varies by 2—3 throughout the size 
range whilst sampling ambient particles. When sampling 1 µm PSLs in the 
laboratory, the WIBS-3 size distribution peaked at the correct size but classified a 
bigger proportion of these particles at 1—2 µm than the GRIMM (performance 
converged at 1 µm).  It can be concluded that they count the same particles but the 
WIBS-3 generally reports sizes larger than the GRIMM 1.108 at DP > 1 µm.  The 
two instruments also sampled side-by-side in a rainforest (discussed in Paper 1) and 
were found to agree in this size range with a large concentration of supermicron 
particles. 
Agreement between the WIBS-3 and a TSI APS 3321 using urban air in 
Manchester revealed significantly larger differences. The total APS concentration 
(DA ≥ 0.84µm) was reported to be 4.3 times larger than reported by the WIBS-3. 
The regression between number concentrations for the WIBS-3 (DP > 0.8 µm) and 
APS (DA ≥ 2µm) approaches unity, but the linear correlation coefficient r between 
the two is only 0.52, compared with 0.82 between the WIBS and GRIMM 1.108 in 
the laboratory.   
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Comparisons between the WIBS-3 and APS are also explored in Papers 1 and 3 
when the APS is operated in less polluted environments with a relatively large 
super-micron aerosol component. In this case the agreement is more linear and the 
two instruments broadly agree in their mutual size range D ≥ 2 µm.  The lack of 
agreement between the WIBS-3 and APS is not surprising given their differing 
method of particle size measurement. PSL microspheres of 1 µm and 2.1 µm 
diameter, however, are sized consistently by both instruments, suggesting the 
differences arise from shape, density and composition. 
4.3.5.  Effect of the trigger threshold on counting efficiency 
Particles with reported DP < 0.8 µm need to be excluded from any analysis 
of WIBS-3 data because they almost all appear to result from electrical noise spikes 
that causes spurious triggering.  This causes the Xenon lamps to operate at their full 
capacity and false particle events are recorded at the expense of real ones when this 
occurs. 
The elastic scattering pulse from a real particle event is distinguished from 
electrical noise spikes using two criteria: Firstly the recorded voltage from the 
detector (directly proportional to scattering intensity) must be above a trigger 
threshold. Secondly, the voltage must remain above the threshold longer than the 
“glitch time” (2.5 µs). The trigger threshold must be set appropriately during 
sampling to avoid prolonged noise spikes.  This is normally a value of 3 or 4 and 
must be checked periodically.  A comparison with the GRIMM OPC showed that if 
the threshold is one level higher than is appropriate the counting efficiency is 
reduced by a maximum of 50% at 0.8—1 µm and of 20% at 1—1.6 µm.  
4.3.6.  AF response to calibration particles 
AF histograms were generated for different PSL diameters and show that 
the elastic forward scattering signal-to-noise ratio affects this metric. Figure 25(i) 
shows these distributions for PSL diameters 0.8—3 µm, in which peak AF falls 
with increasing size. Repeating the exercise with 2 µm and 5 µm glass spheres 
(Figure 25ii) yields more consistent AF peaks, albeit with broader distributions than 
the larger PSL microspheres. There is also a secondary mode in the 5 µm glass AF 
distribution that appears to be a real feature of these particles. This information 
indicates that a number of artefacts prohibit AF spectra from being taken at face 
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value, but it can still be used to draw a relative distinction between particle 
subpopulations if a deviation from the relationship between modal AF and particle 
diameter in Figure 25(i) occurs. 
 
Figure 25 Asymmetry factor distributions for (i) different PSL microsphere diameters and (ii) 
different borosilicate glass sphere diameters 
4.4.  Fluorescence response of the WIBS-3 
The WIBS-3 optical components exhibit measurable fluorescence under 
UV illumination, and this has to be characterised before any particle fluorescence 
can be measured.  To do this the instrument is operated for a time in Forced Trigger 
(FT) mode, which performs a series of fluorescence measurements without particles 
having crossed the laser beam. The fluorescent baseline has a normal intensity 
distribution (Figure 26), and after the FT mode data has been logged a threshold is 
set at 3 standard deviations above the mean baseline intensity. This is applied when 
analysing single-particle data and represents the minimum fluorescence intensity 
that the WIBS-3 can detect reliably. Particles with fluorescence intensity below the 
threshold are regarded as “non-fluorescent” as far as the analysis is concerned.  
This choice of threshold level means that only 0.1 % of non-fluorescent particles 
are misclassified as fluorescent. A higher threshold can also be applied if required, 
but would arbitrarily limit the fluorescent particle concentrations reported by the 
analysis software.   
Each PMT outputs a voltage that is directly proportional to fluorescence intensity. 
This is logged on an arbitrary scale of 0—2092, which reflects the dynamic range 
of the detector. If a value of 2092 is recorded then a particle is regarded as 
saturating the detector, and should be counted as fluorescent but be excluded from 
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any analysis of fluorescence intensity in that channel.  Each of the three 
excitation/detection channels has a different baseline response, so the threshold is 
separately calculated for each. The baseline level in each channel is typically 200—
350, limiting the dynamic range by 10—15%. 
 
 
 
 
 
 
 
Figure 26 Internal (green) and 3µm PSL (blue) fluorescence in WIBS-3 channel F1_280, along 
with minimum threshold in this instance (dashed red line).  
In post-October 2008 measurements (reported herein) the WIBS-3 data acquisition 
software was modified so that the internal fluorescence is automatically measured 
for 1 minute periods during ambient sampling if the number concentration is below 
approximately 500 l-1.  Prior to this, baselines were recorded manually at the start 
and end of experiments.  This makes it possible to ensure that no bias is introduced 
by a change in the baseline fluorescence (this has only occurred when the 
instrument was left in direct sunlight). 
4.4.1.  Verifying alignment of fluorescence optics 
Neither the excitation nor the fluorescence intensity recorded by the 
WIBS-3 is the absolute value, so only the relative fluorescence intensity of particles 
can be compared. Optical alignment, PMT gain and Xenon power all affect the 
measured fluorescence intensity so calibration particles are used to check (i) that 
fluorescence is being excited and detected and (ii) that the intensity measured is 
consistent in the longer term.  Blue fluorescent PSL microspheres (Duke Scientific, 
Inc) are used to satisfy the requirement (i) but these saturate the F2_280 and 
F2_370 channels because they are highly fluorescent whilst not being detected in 
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F1_280. This diagnostic does, however, show that the excitation/detection channels 
are functioning correctly. 
Non-fluorescent PSL microspheres larger than 2 µm exhibit intrinsic fluorescence 
in FL1_280. This does not saturate the detector and is a useful diagnostic tool for 
this channel, but only this channel.  Between July 2009 and December 2010 the 
median measured intensities (and quartiles) minus the fluorescence threshold were 
56
54456+−  and 6446480+− , respectively, using 3 µm PSL microspheres. These agree well 
despite the instrument having been used extensively and cleaned in the intervening 
time. Smaller microspheres can also be used for this purpose, but only 3 µm 
particles produce an intensity distribution clear of the threshold.  Figure 26 shows a 
histogram of fluorescence intensity from 3 µm microspheres as well as the baseline 
fluorescence and threshold value in the F1_280 channel. The lack of significant 
change in FL1_280 performance and sizing performance (which uses the F2 
detector) means that little change in detector gain or optical alignment has likely 
taken place during the work featured in this thesis. 
4.4.2.  Fluorescence from test dusts and PBA in the laboratory 
The fluorescence from nine different PBA samples was measured in 
several different laboratory experiments, along with three non-PBA samples: 
Ammonium sulphate, Saharan desert and volcanic dusts. “Chicken dust” was also 
sampled at the extractor fan of a poultry rearing shed containing 10,000 chickens 
during a field trial of the instrument.  The various particle types sampled are 
summarised below and include fungal spores, bacteria and plant spores. 
Fungal spores 
 Agrocybe aegerita (mushroom spores; collected on foil and dry dispersed) 
 Two unidentified food moulds (blown from fungus with compressed air) 
 Chondrostereum purpureum (actively released by fungus) 
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Bacteria (wet sprayed at the AIDA facility) 
 Pseudomonas syringae 
 Pseudomonas fluorescens Antartica 
Plant spores (dry dispersed) 
 Lycopodium (aged 5 years)  Bermuda Grass 
 Johnson Grass 
Non-biological samples 
 Saharan dust (dry dispersed)  Tonic water (nebulised) 
 Volcanic dust (dry dispersed)  Ammonium sulphate (nebulised) 
4.4.3.  PBA detection efficiency 
In the first instance it is useful to know how many fluorescent particles can 
be detected in a test population, assuming that all particles sampled in each 
experiment are PBA. The fluorescent fractions of each sample in each of the three 
measurement channels (which should be read as the detection efficiency) are shown 
in Figure 27. 
As discussed in Chapter 3, bacteria fluorescence spectra generally feature a strong 
Tryptophan-like peak following excitation at 266 nm. It is interesting that P. 
fluorescens is detected with a 31% success rate in FL1_280 compared with 12% in 
FL2_370, as shown in Figure 27(ii). The difference between these detection 
efficiencies is even more pronounced when P. syringae is measured. This is 
consistent with previous reports where P. fluorescens was not detected strongly 
using a UV-APS (Agranovski et al., 2003a), which effectively features the 
FL2_370 channel.  This highlights the advantage of the additional FL1_280 channel 
in the WIBS-3 for bacteria detection. 
Fluorescence spectra from various plant spores after 263 nm and 351 nm 
excitations, including Johnson Grass, which is probed here, peak at wavelengths 
longer than 400 nm according to Pan et al. (2011).  These were more frequently 
detected by the FL2_370 channel than F1_280 (Figure 27ii).  Lycopodium is the 
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strongest example of this disparity, but the sample used was around 5 years old 
compared to 1 year for the other dried spores, and any degradation of the sample 
may affect the results.  The plant spore samples are by far the largest of the test 
particles, but this does not seem to provide an advantage in terms of detection 
efficiency, either because of light extinction within the particle or a relatively low 
concentration of fluorophores. Fungal spores (Figure 27i) are detected with a high 
degree of efficiency across all three channels, and this is indicative of their broad 
emission spectrum. 
Non-PBA samples 
Only 0.1% of Ammonium sulphate [(NH4)2SO4] particles are classed as fluorescent 
in FL2_280 and FL2_370, suggesting that the misclassification stemming from the 
choice of fluorescence baseline is consistent with that expected. According to 
Pinnick et al. (1999) ammonium sulphate emits a small amount of fluorescence 
following 266 nm excitation, and this is strongest at 300—400 nm.  This may 
explain why 0.82% of particles were fluorescent in FL1_280. 
The relationship between FL2_280 and the other channels 
The FL2_280 channel has been omitted from much of this discussion because it 
could measure Tryptophan (which has a relatively weak emission at 410—600 nm) 
and/or NADH (with weak absorption at 280 nm) depending on the relative 
abundance of each molecule in the sample. Some insight into what this channel is 
more likely to measure can be gained by analysing the Pearson linear correlation 
coefficient r between the FL2_280 intensity and that in the other two channels 
(where there is a finite and non-saturating intensity recorded in each).  
 With the exception of mushroom spores and P. fluorescens, which have 
similar r between all three fluorescence intensities, the correlation between 
FL1_280 and FL2_370 intensities are weak. FL2_280 intensity generally correlates 
more strongly with one of the channels than the other amongst the remaining 7 
samples. 
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Figure 27 Number fractions of particles with fluorescence above the minimum level in each 
WIBS-3 fluorescence channel 
 
(i) 
(ii) 
(iii) 
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Amongst the plant and fungal spores r(FL2_280, FL1_280) ranges from 0.23—0.46 
whereas r(FL2_280, FL2_370) is 0.59—0.82, suggesting the fluorescence is from 
NADH or that some bio-fluorophore associated with NADH is what dictates 
FL2_280.  P. Syringae fluorescence intensity is correlated strongly between 
FL2_280 and FL2_370 and weakly between the other channels.  The low degree of 
correlation between fluorescence intensity in FL1_280 and FL2_370 is consistent 
with different active fluorophores being measured.  
4.4.4.  Detection efficiency versus size and fluorescence intensity 
The detection efficiency in each channel is related to the intensity of 
fluorescence from a particle because there will inevitably be some particles with 
weak fluorescence beyond the WIBS-3 limit of detection. It might be expected that 
fluorescence from the smallest particles is detected the least frequently because 
these contain the least fluorescent material, but this is not the case since 1.5 µm 
bacteria are detected with greater than 90% efficiency in the Tryptophan channel. 
Figure 28 shows the relationship between detection efficiency and median DP for 
the test PBA used.  Detection rate therefore appears more dependent upon particle 
type than DP.  
 
Figure 28 Fluorescence detection rate versus median particle diameter for laboratory samples. 
A toolkit was written using MATLAB (R2007a, Mathworks Inc.) that automatically 
converts single particle data into number concentrations as a function of DP, time, 
fluorescence intensity and AF. This process takes into account aspects such as false 
particle events, saturation of the detectors and missed particles. It also calculates 
and applies the fluorescence baseline in each channel so that properties of the 
fluorescent and non-fluorescent aerosol can be compared. 
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A number of conclusions emerge from the series of calibration particle tests on the 
WIBS-3: 
1. The WIBS-3 can count particles sized 0.8—20 µm, with unambiguous 
sizing at least over the interval 0.8—5 µm with the chosen channel widths.  
2. Coincidence error contributes several hundred per litre to the 0.8—1.2 µm 
size range of the WIBS-3 if the concentration measured by a GRIMM 1.108 
at 0.5—0.6 µm respectively exceed 105—104 l-1. 
3. The AF channel is potentially useful for distinguishing subpopulations but 
should be treated with caution, taking into account particle size effects.  
Measurements of PBA and fluorescent material reveal the following: 
1. The presence of fluorescence in different combinations of channels is a 
 useful metric for identifying the broad PBA type being measured, although 
 this may not be the case in a more sensitive instrument:  
  - FL1_280 is more appropriate for detecting bacteria  
  - FL2_370 is more appropriate for detecting plant spores 
  - Fungal spores are detected efficiently in FL1_280 and FL2_370. 
 These are consistent with previous reported fluorescence spectra from such 
 PBA. 
2. Although one channel may respond much more weakly than another, some 
 degree of positive correlation between fluorescent number concentrations in 
 FL1_280 and FL2_370 channel is expected when measuring PBA. 
3. The FL2_280 detection efficiency is always less than that of FL2_370, and 
intensity in these channels is often correlated positively, suggesting it is a 
secondary measurement of NADH-like fluorescence. Subsequent analysis 
should therefore focus on the other two channels as these provide more 
distinction between fluorophores. 
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4.5.  Supplementary information 
Variable Description  
time Time since file start (ms) 
FL2_Scat Side-scattering intensity  
Scat_EL1—4 Forward scatter intensity in each PMT quadrant 
Sum_Scat Sum of quadrant and side-scatter intensities 
FL1_280 Intensity of 310—400 nm fluorescence after 280 nm pulse. 
FL2_280 Intensity of 400—600 nm fluorescence after 280 nm pulse. 
Pwr_280 Intensity of 280 nm excitation pulse 
FL2_370 Intensity of 400—600 nm intensity following 370 nm pulse 
Pwr_370 Intensity of 370 nm excitation pulse 
TOF “Time-of-Flight”: Duration of elastic scattering pulse (µs) 
MPC Number of “missed” particles counted after the recorded 
particle 
Size Optical equivalent diameter (µm) 
AF Asymmetry factor 
Table 6 List and description of the parameters logged by the WIBS-3. All measurements are 
in arbitrary units except where stated. 
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Figure 29 Flow chart of measurements and data collection by WIBS-3 
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biological aerosol above and below a tropical forest canopy 
using a dual channel fluorescence spectrometer 
Published in Atmospheric Chemistry and Physics (2010) 
A. M. Gabey1, M. W. Gallagher1, J. Whitehead1, J. R. Dorsey1, P. H. Kaye2, and W. 
R. Stanley2 
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Overview 
The WIBS-3 sampled ambient aerosol below and ~200 m above the canopy of 
tropical rainforest in Borneo, Malaysia, as part of the Oxidant and Particle 
Photochemical Processes/Aerosol Coupling in the Earth System intensive field 
campaigns in April—May and June—July 2008. Since the instrument was deployed 
above the canopy for a week at the end of the project, only the data from June-July 
2008 is used to compare the two sites. 
A striking feature of aerosol sized between 2—4 µm below the canopy was a strong 
diurnal cycle in number concentration, dominated by particles fluorescent in the 
FL1_280 and FL2_370 channels.  This cycle consisted of strong concentration 
spikes in mid-afternoon that gave way to elevated number concentrations 
(~2,000 l-1) through the night and a decline to low concentration (50 l-1) by 
daybreak.  Similar diurnal behaviour was observed above the canopy, albeit with 
weaker variations of around 100 l-1.  Above-canopy APS measurements showed 
reasonable agreement with the WIBS-3 for 2—4 µm particles and indicated that the 
variation had been this weak throughout the campaign, signalling a below-canopy 
source. Based on particle diameter, fluorescence wavelengths and an apparent 
connection between number concentration and elevated afternoon relative 
humidity, it was concluded that these particles were fungal spores.  Filter samples 
were collected beneath the canopy and examined under an environmental scanning 
electron microscope (ESEM), which revealed a preponderance of particles 
resembling fungal spores. 
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Abstract. Aerosol particle size distributions were measured
below and above a tropical rainforest canopy in Borneo,
Malaysia, in June/July 2008 using the WIBS-3: a single
particle dual channel fluorescence spectrometer. Material
in the size range 0.8–20 µm was characterized according to
optical equivalent diameter (DP), morphology and fluores-
cence at 310–400 nm and 400–600 nm following excitation
at 280 nm and 370 nm respectively. Particles fluorescent af-
ter both excitations are likely to be fluorescent primary bio-
logical aerosol particles (FBAP).
Measured FBAP number concentration (NFBAP) at both
sites exhibited clear diurnal cycles. The largest variabil-
ity was observed in the understorey, where NFBAP reached
a minimum of 50–100 L−1 in late morning. In mid after-
noon it exhibited strong transient fluctuations as large as
4000 L−1 that were followed by sustained concentrations of
1000–2500 L−1 that reduced steadily between midnight and
sunrise. Above the canopy FBAP number ranged from 50–
100 L−1 during the daytime to 200–400L−1 at night but did
not exhibit the transient enhancements seen in the under-
storey. The strong FBAP fluctuations were attributed to the
release of fungal spores below the canopy and appeared to be
linked to elevated relative humidity.
The mean FBAP number fraction in the size range
0.8 µm<DP<20 µm was 55% in the understorey and 28%
above canopy. A size mode at 2 µm<DP<4 µm appears at
both sites and is primarily FBAP, which dominated the coarse
(DP≥2.5 µm) number concentration at both sites, account-
ing for 75% in the understorey and 57% above the canopy.
In contrast, the concentration of non-fluorescent particles
Correspondence to: A. M. Gabey
(andrew.m.gabey@postgrad.manchester.ac.uk)
(NNON) at both sites was typically 200–500 L
−1, the ma-
jority of which occupied a size mode at 0.8<DP<1.5 µm.
Enhanced understorey NNON was observed daily in mid-
afternoon and also at midday on three occasions: the for-
mer coincided with the FBAP enhancements and measured
approximately 10% of their magnitude; the latter occurred
independently of theNFBAP diurnal cycle and comprised par-
ticles smaller than 2 µm. Particle diameter of 3–5 µm is con-
sistent with smaller fungal spores, though absolute identi-
fication of biological species is not possible with the UV-
LIF technique. Based on the measured FBAP and non-
fluorescent particle abundances and their observed recov-
ery times following rain showers, FBAP originated beneath
the canopy while the non-fluorescent material was trans-
ported from further away. It is concluded that these separate
sources contributed the majority of the aerosol measured by
the WIBS-3 at both sites.
1 Introduction
Primary Biological Aerosol (PBA) is the subset of the at-
mospheric aerosol that is comprised of anything discernibly
biological in nature, including plant and insect debris, fun-
gal and plant spores, pollens, cells, viruses, bacteria and
partially decomposed material. Its abundance in the atmo-
sphere is poorly constrained and potential feedback on cloud-
hydrological pathways is not yet included in climate mod-
els. The ubiquity of PBA in the atmosphere – particularly
the fraction swept into cloud-forming regions (e.g. Jaenicke
and Matthias-Maser, 1993), residing in the atmosphere for
weeks and travelling up to 1000 km (e.g. Prospero et al.,
2005) – is where much of the current PBA research interest is
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focussed (Mo¨hler et al., 2007). Its transport has implications
for global biodiversity and disease transmission and there are
potential effects on cloud microphysical processes because of
the ability of PBA to act as “giant” cloud condensation nu-
clei (CCN) and ice nuclei (IN) at temperatures up to −2◦C
(Deihl et al., 2001, 2002). Global PBA mass is thought to be
dominated by spores and plant debris (e.g. Winiwarter et al.,
2009) since these PBA particles are normally the largest and
most widely emitted by vegetated areas. Tropical rainforests
are potentially strong sources of atmospheric PBA because
of the dense, year-round vegetation and strong convective
up draughts found there. Less characterised is the how the
canopy itself interacts with and contributes to the transport
of PBA to the free atmosphere. Understanding this variable
is a logical first step in connecting estimated PBA production
and its atmospheric significance in tropical regions.
1.1 Conventional sampling methods
PBA are traditionally sampled by impaction or sedimentation
of particles onto an adhesive substrate such as agar coated
Petri dishes (e.g. Andersen impactor), microscope slides (e.g.
Alergenco MK-3) or sticky tape (e.g. Hirst spore trap). In the
case of smaller or more fragile particles an impinger is used
(e.g. AGI-30), which traps the PBA in a liquid medium. The
medium or substrate is then processed with a biochemical
technique, the choice of which depends on the parameter be-
ing measured: the culturable subset of PBA is often of inter-
est to biologists and is measured by cultivating the sample in
a laboratory and counting the grown colonies. Staining and
visual identification using a microscope is used to count ev-
ery particle with a certain property (such as gram-negative
bacteria). Optical and electron microscopy are suited to
counting all PBA in a certain number of fields of view to
give estimates of the airborne concentration. More recently
UV flow cytometry techniques have been used to analyse pre-
pared samples. All of these techniques have the advantage of
being reliable and specifically identifying biological species
but they are also time-consuming and resource intensive, re-
ducing the practicality of sampling for long periods or with
high time resolution.
1.2 Previous global PBA budget estimates
Owing to the lack of global PBA monitoring, global bud-
gets have been estimated using proxy measurements such as
Mannitol and organic carbon, data for which are more abun-
dant. Penner (1995) use the difference between the estimated
organic carbon emission rate and the known non-biological
sources to arrive at a global PBA emission rate of 56 Tg yr−1
for particles larger than 1 µm, but state this value is subject
to considerable uncertainty. Jaenicke et al. (2005) performed
direct measurements of cellular material at Lake Baikal, Rus-
sia (remote continental) and Mainz, Germany (semi-rural)
and, considering atmospheric residence time and other emis-
sion factors, estimate a considerably larger global emission
rate of ∼1000 Tg yr−1. Subsequent estimates have been
closer to the former than the latter: Elbert et al. (2007) asso-
ciate Mannitol with the release of fungal spores from those
plants with active release mechanisms, which usually take up
liquid water or water vapour until a critical point is reached,
triggering the violent ejection of spores. They review world-
wide Mannitol abundance in the continental boundary layer
and estimate 17 Tg yr−1 for actively released spores. This
value was scaled to include passively released spores, which
require an external mechanical force for release, giving a to-
tal rate of 50 Tg yr−1. Heald and Spracklen (2009) com-
pute a global fungal spore emission rate of 28 Tg yr−1 us-
ing Mannitol as a tracer in their GEOS-Chem model. They
found the largest mass concentration in the tropics from con-
centrations optimised to water vapour concentration and leaf
area index (LAI) which are considered important influences.
Winiwarter et al. (2009) concluded that plant debris and fun-
gal spores dominate global PBA loadings. They used mea-
surements of organic carbon (OC), black carbon (BC) and
Levoglucosan (LG) as proxies to estimate plant debris and
fungal spore emission rates from a cellulose (plant mate-
rial) yield calculated when cellulose was sampled alongside
OC, BC and LG. Chitin (fungal material) emission was also
estimated based on the directly measured Chitin to Cellu-
lose yield. PBA (plant debris + spores) emission factors were
then calculated for each country in Europe taking land use
into account. They report a European PBA emission rate of
0.233 Tg yr−1, suggesting a global emission rate of several
Tg yr−1.
1.3 Environmental PBA measurements
Absolute PBA concentrations vary widely depending on lo-
cal influences. Matthias-Maser and Jaenicke (2000a) ana-
lysed airborne cellular material and found that the ratio
of PBA to total aerosol number at DP>0.2 µm is 30% in
a rural/urban influenced area and 19% in a remote conti-
nental location, corresponding to PBAP number concentra-
tions of 1.9 and 0.22 cm−3, respectively. Measurements
in Amazonia by Guyon et al. (2003) reported an average
aerosol mass concentration of 3.9±1.4 µgm−3 in the coarse
mode (PM10–PM2). Nocturnal mass loadings were a fac-
tor of 1.9±0.4 larger than daytime loadings. They con-
clude that this increase occurred because aerosol produced
at the forest floor is trapped beneath a shallow nocturnal
boundary layer, but do not identify the nature of the aerosol.
Gilbert and Reynolds (2005) used slit impactors containing
petroleum jelly-coated microscope slides to collect and count
fungal spores with a light microscope. They describe di-
urnal fungal spore concentrations collected simultaneously
in the understorey (1.5m above the forest floor) and in the
canopy (15–33m above ground) of lowland tropical forest
in Queensland, Australia. They observed significant spa-
tial and temporal patterns in spore concentration, which was
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on average 52 times higher in the understorey than in the
canopy, reflecting the greater proportion of fungi towards the
forest floor, where the microclimate favours fungal growth
(e.g. Langenberg et al., 1977). Understorey spore number
rose rapidly after sunset, peaking at 1000–5000 L−1 at night
and declined at daybreak, reaching 100–300 L−1 by midday.
In the absence of turbulent transport supermicron particles
are removed from the air within minutes through gravita-
tional settling, leading to rapid changes in number concen-
tration when emission ceases.
1.4 UV-LIF detection
In response to the threat of bio-warfare agents such as An-
thrax, research over the past 15–20 years has been pursued
into techniques that rapidly identify PBA in ambient aerosol
using ultraviolet light induced fluorescence (UV-LIF) of par-
ticles. This fluorescence is intrinsic to certain molecules
common to most biological material, specifically Trypto-
phan, Phenylalanine, Tyrosine, flavins, cellulose, chlorophyll
(which fluoresces slightly) and the co-enzyme NADH. Tryp-
tophan (excited near 270 nm and fluorescent at 300–400 nm)
and NADH (excited near 360 nm and fluorescent at 400–
600 nm) dominate the fluorescence spectra from PBA in
these bands because of their high fluorescence quantum
yield, despite accounting for typically 1–3% of the total dry
mass. They are also readily excitable at wavelengths pro-
vided by current UV lasers and lamps.
1.5 Fluorescence from PBA and non-PBA
Pan et al. (1999) measured the continuous fluorescence spec-
tra from single bacterial cells and found well-defined peaks
at 300–400 nm and a broader peak between 400–600 nm fol-
lowing a 266 nm excitation. In comparison, non-biological
dusts such as ammonium sulphate and black carbon regis-
tered negligible fluorescence and their spectra exhibited few
structural features. Particle size did not appear to influence
the fluorescence spectra. The intensity of Tryptophan-like
fluorescence from clusters of bacteria (Hill et al., 2001) in-
creases in line with the cluster’s absorption cross-section.
One would therefore expect a UV-LIF instrument’s detection
efficiency to rise with the square of particle size.
Pinnick et al. (2004) measured fluorescence from ambient
urban aerosol in Adelphi, USA. Fluorescence spectra from
250–700 nm were obtained from particles larger than 3 µm
following excitation at 266 nm. Hierarchical cluster analy-
sis was performed on the spectra and demonstrated that over
80% could be classified using 8 template spectra. They also
conclude that fluorescence alone is not suitable for distin-
guishing biological from fluorescent non-biological particles
following a single wavelength excitation. The same tech-
nique was used by Pan et al. (2007b) in New Haven and
Las Cruces, USA; semi-urban and desert environments re-
spectively. They detected fluorescence in 49% and 17% of
all particles larger than 3 µm in each location respectively.
In these cases 10 template spectra could describe more than
90% of the particles sampled in both locations as well as
those from Adelphi, suggesting there is comparatively little
variation in the spectra of ambient fluorescent aerosol larger
than 3 µm. Eversole et al. (2003) used an excitation wave-
length of 266 nm to successfully detect at least 70% of test
bioaerosols, and found that the majority exhibited low flu-
orescent intensity in the instrument’s dynamic range in the
wavebands 300–400 nm and 400–600 nm.
Using dual-wavelength excitation (at 266 and 351 nm) Hill
et al. (1999) found that the fluorescence spectra of bacil-
lus subtilis var niger (BG) vegetative cells are distinguish-
able from those of BG fungal spores following a 351 nm
excitation not but following a 266 nm excitation. The con-
verse was true of washed and unwashed vegetative cells.
Sivaprakasam et al. (2004) sequentially excited particles at
266 nm and 355 nm and measured total fluorescent intensity
in wavebands centred at 350, 450 and 550 nm. They con-
clude that some differentiation between different bioaerosol
types (although not necessarily biological species) may be
possible with multiple excitations.
1.6 Fluorescent non-biological material
The similar fluorescent properties of PBAP and complex
mixtures of polycyclic aromatic hydrocarbons (PAHs) and
other aromatics are demonstrated using cigarette smoke by
Pan et al. (1999). They show that smoke’s fluorescence spec-
trum following a 266 nm excitation is virtually indistinguish-
able from that of BG spores. The two are readily distinguish-
able by measuring elastic scattering patterns and overall in-
tensity: BG spores are generally supermicron and rod-like
in shape whereas smoke particles are sub-micron and mul-
tiple particles occupied the sensing volume simultaneously.
This demonstrates the advantage of simultaneously measur-
ing elastic scattering characteristics with fluorescence in re-
ducing false positives. Decomposed plant material often con-
tains fluorescent material such as humic acid, which can ap-
pear in soil aerosols. While biological, this is not primary
biological material and is classed as an interferent likely to
affect large particles.
Alongside these developments, cheaper and more portable
instruments were designed that offer measurements of total
fluorescence in particular wavebands that correspond to the
dominant biological fluorophores. A non-exhaustive list of
spectrometers is presented in Table 1, while a more com-
plete review of current spectrometers can be found in Pan et
al. (2007a). The general purpose of such instruments is to
act as rapid triggers for more elaborate bioaerosol identifi-
cation systems that may include biochemical techniques but
that cannot be operated continuously.
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1.7 Comparisons between conventional biosamplers
and UV-LIF
Agranovski et al. (2003) compared the TSI UVAPS (an
NADH-type detector) to a liquid impinger (the AGI-30) and
demonstrate that a larger number of PBAP is reported by the
UVAPS than by the AGI-30. This is explained by the im-
pinger requiring microbes to culture (reproduce) before be-
ing counted whereas the UVAPS requires viability. Cultur-
ing is more biologically demanding than viability and oc-
curs for only a portion of the lifecycle. Agranovski and Ris-
tovski (2005) observe that the fluorescent intensity of bac-
teria clusters varies depending on the stage in their lifecycle,
with the most intense fluorescence associated with rapid pop-
ulation growth
UV-LIF instruments actually measure the fluorescent sub-
set of PBAP, or FBAP as discussed by Huffman et al. (2010),
because some PBAP fluorescence will inevitably go unde-
tected and some PBAP may simply not fluoresce. Inter-
ference is possible from any aerosol particles with similar
size, fluorescence yield, excitation and emission wavelengths
to Tryptophan or NADH, as discussed earlier. These fac-
tors lead to under-estimates and over-estimates of PBAP re-
spectively and to convey these limitations this work will use
“FBAP” rather than “PBAP” to describe the observed quan-
tities.
1.8 The Wide Issue Bioaerosol Sensor (WIBS-3)
In this work, measurements of fluorescence were obtained
using a Wide Issue Bioaerosol Spectrometer-Model 3, or
WIBS-3 (Kaye et al., 2005; Foot et al., 2008). Filtered Xenon
lamps provide two sequential ultraviolet pulses centred at
280 and 370 nm to excite Tryptophan and NADH fluores-
cence in single particles. Total fluorescence is measured at
310–400 and 400–600 nm following the Tryptophan excita-
tion and at 400–600 nm following the NADH excitation.
As each particle passes through a 633 nm diode laser beam
its elastic scattering intensity is sampled in the forward di-
rection and at a 90-degree offset. These measurements are
compared with a lookup table generated by a Mie scattering
model (provided by the instrument manufacturer) to estimate
particle optical equivalent diameter. Forward scattering in-
tensity is sampled at 4 angular offsets by a quadrant photo-
multiplier tube (PMT) allowing measurement of its distribu-
tion for each particle. The 4 values are combined, Eq. (1),
to give a parameter known as the “Asymmetry Factor”, AF,
which describes the degree of symmetry of the intensity dis-
tribution:
AF=
k
(
n∑
i=1
(
E−Ei
)2 )1/2
E
(1)
where k is an instrument-defined constant, E is the mean in-
tensity measured over the entire PMT and Ei is the inten-
sity measured by the ith quadrant. AF may be interpreted
as a measure of the morphology of particles. Coincident
or perfectly spherical single particles generate a symmetri-
cal intensity distribution (AF=1) and fibres an asymmetrical
one (AF=100). AF is also affected by whether particles that
are centred in the sampling volume (aerodynamic effects)
and particles that are mixtures of different refractive indices.
A detailed discussion of similar measurements is provided
by Kaye et al. (2007). It is difficult to attribute a specific
shape to each AF but the channel allows distinction between
differently-shaped aerosol subpopulations.
To characterise the performance of theWIBS-3, laboratory
AF measurements were performed using polystyrene latex
(PSL) spheres of physical diameter 1 µm and 3 µm. Modal
AF for 1 µm spheres was 2–3 units higher than for 3 µm, sug-
gesting the noise in the quadrant PMT causes smaller parti-
cles to register slightly higher AF regardless of their similar
shape. AF may also be interpreted as a measure of confi-
dence in the optical sizing performance of the WIBS-3: a
high AF represents a greater uncertainty because of the lack
of particle sphericity, but by necessity optical particle sizing
returns a result based on a spherical particle.
2 Site description and instrumentation
The WIBS-3 and associated measurements were carried out
as part of the Aerosol Coupling in the Earth System (ACES)
and the Oxidant, Particulate and Photochemical Processes
(OP3) field campaigns in 2008 in Danum Valley, Malaysian
Borneo (a project overview is available in Hewitt et al.,
2010). This conservation area was established in 1981 and
covers 43 800Ha, representing 4.5% of the 972 804Ha New
Yayasan Sabah Concession Area (NYSCA), which is cur-
rently not logged according to Marsh and Greer (1992). The
forest in Danum Valley is categorized as a tropical lowland
evergreen rainforest and has an estimated average height of
35m at the understorey measurement site. The area contain-
ing both measurement sites was last logged in 1988 and re-
populated in the early 1990s; therefore the diversity of tree
species at each site is comparable. Sunrise and sunset times
were 06:00 and 18:15 LT, respectively.
The majority of the OP3 campaign measurements were
based in a clearing atop a ridge at a Global Atmosphere
Watch (GAW) station (04◦58′53′′ N, 117◦50′37′′ E). The
WIBS-3 was stationed at 7m height on a tower at one end
of the clearing, 5m above the top of the vegetation surround-
ing the clearing. Other instrumentation was situated at 30m
height on the GAW tower at the other end of the clearing,
25m above the surrounding vegetation.
The understorey site lay approximately 1 km to the east
of the GAW site and around 200m lower at the base of the
ridge. The estimated canopy height was 35m and dense fo-
liage was present in the lower 5m. The canopy runs continu-
ously up the side of the ridge until the edge of the GAW site.
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Table 1. omparison of some currently available UV-LIF bioaerosol spectrometers.
Name/description Size range Peak excitation Fluorescence detection
band
UV light source
UVAPS (TSI, Inc.) 0.3≤DA≤20 µm 355 nm 420–575 nm Laser
BAWS (Lockheed Martin) 2–10 µm 260–280 nm 300–400 nm
400–600 nm
Laser
WIBS-3 (Foot et al., 2008;
Kaye et al., 2005)
0.5≤DP≤20 µm 280 nm 300–400 nm
400–600 nm
Xenon lamps w/
UV filters
370 nm 400–600 nm
AFS (Biral, inc) 0.5≤DP≤15 µm 280 nm 330–650 nm
420–650 nm
Laser
SPFA (Eversole et al., 1999) DP≥0.5 µm 266 nm 300–400 nm
400–600 nm
Laser
AFSA (Hill et al., 1999) DP≥1 µm 266 nm Continuous 200–700 nm Laser
Solar radiation intensity recorded by net radiometers typi-
cally reached noon maxima of 1050Wm−2 and 50Wm−2 at
the GAW and understorey sites, indicative of the high de-
gree of canopy shading at the understorey site. Micromete-
orological and aerosol instruments were installed at the un-
derstorey site, including a number of optical particle coun-
ters (GRIMM model 1.108 aerosol spectrometers, size range
0.3–20 µm). Ambient temperature (T ), pressure and rela-
tive humidity (RH) were measured in the understorey us-
ing a warmed probe for improved accuracy in near condens-
ing environments (Vaisala Model HMT 337 consisting of a
PT100 RTD sensor, range−70 to +180 ◦C, accuracy±0.2 ◦C
at 20 ◦C and a HUMICAP© 180R sensor, range 0 to 100%
RH, accuracy ±1.0% from 0 to 90% and ±1.7% from 90 to
100%). Wind speed was measured in each location by 3-D
sonic anemometers (50Hz time resolution, Gill Inc. Model
R3). In the understorey the WIBS-3 and a GRIMM 1.108
optical particle counter (OPC) were each connected to 1.3m
stainless steel tubes for which inertial particle losses are
likely to dominate for DP>20 µm. Their inlets were co-
located with the micrometeorological instrumentation.
The OP3 and ACES campaigns ran in two phases: 16
April–3 May and 19 June–23 July 2008. 75 h of WIBS-3
data was obtained above the canopy from 18–23 July. In the
understorey the WIBS-3 sampled for 10.5 days (19 April–3
May) and 14 days (22 June–8 July) in each campaign, respec-
tively. Above-canopy WIBS-3 data was collected in July,
after the understorey sampling, so the analysis is based on
June–July data to reduce the uncertainty in comparing the
two sites. The degree to which the remaining time separation
affects the comparison between sites is also discussed.
2.1 Instrument calibration and flow information
WIBS-3 initial size calibration and verification was per-
formed using polystyrene latex (PSL) microspheres of re-
fractive index nr=1.6 and physical diameter 1.0, 2.1 and
3.0 µm and borosilicate glass spheres nr=1.56 and physical
diameter 2 µm. Green fluorescent PSL microspheres sized
1 and 2.1 µm were used to verify the excitation and fluores-
cence channels were operating correctly. The WIBS-3 in-
let flow rate was 2.3 L/min±5%, 90% of which was passed
through HEPA filters, providing a sheath flow constraining
the remaining 0.23 L/min sample flow. The GRIMM sample
flow rate was 1.2 L/min.
2.2 WIBS-3 comparison with other instruments
WIBS-3 data was binned to match the GRIMM OPC size
channels, and both reported an understorey ambient size
mode at 2–3 µm. The GRIMM OPC reported a large sub-
micron number concentration with an open size distribu-
tion. The WIBS-3 (its lower size cut-off at 0.5–0.8 µm)
reported a secondary mode at 1 µm with number reducing
at smaller sizes. The WIBS-3 total number concentration
(NWIBS) best matched the GRIMM OPC number concentra-
tion (NGRIMM) in the GRIMM size range 0.5≤DP≤20 µm.
Linear regression between the two in June–July showed that
NWIBS=0.91NGRIMM(DP≥0.5 µm) and their correlation co-
efficient r=0.56 was likely a result of different instrument
sensitivity limits and coincidence effects at small sizes.
An Aerodynamic Particle Sizer (TSI Inc. APS, model
3321) was stationed above the canopy for the duration of
the campaigns, connected to a 35m high flow rate inlet
stack (∼15m higher than that of the WIBS-3 when it was
above canopy). With both instruments on the stack the
WIBS-3 reported a primary number size mode at 1–2 µm
and a secondary mode at 2–3 µm. The APS reported an
open size distribution at sub-micron sizes and a secondary
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mode at 2–2.3 µm. The WIBS-3 was then placed at the
other end of the clearing on its own 1m stainless steel in-
let tube, whereafter NWIBS best matched the APS num-
ber concentration (NAPS) at DA≥0.96 µm, with r=0.73 and
NWIBS=0.83NAPS(DP≥0.96 µm), significantly better than
when compared with the GRIMM OPC.
2.3 Determination of FBAP number (NFBAP)
Finite fluorescence intensity is always recorded by the
WIBS-3 because of low-level excitation in its optical com-
ponents. This baseline fluorescence is characterised by oper-
ating in “forced trigger” mode, performing measurements on
an empty sensing volume. This data was collected for 24 h
in each location and showed no underlying diurnal cycle in
the fluorescent baseline. Baseline intensity in each channel
is normally distributed with a standard deviation dictated by
detector noise and the variability of the Xenon flash lamps,
the latter monitored and found to be ±3% of the mean exci-
tation intensity. In order to distinguish between fluorescent
and non-fluorescent particles in detection channel i, a noise
threshold is defined, as in Eq. (2):
ETHRESHOLD=<Ei>+2.5σ i (2)
Any fluorescence power higher than 2.5 standard devia-
tions (2.5σi) above the modal baseline <Ei> is classed as
fluorescent. Based on a continuous normal probability distri-
bution it is estimated that ∼1% of non-fluorescent particles
are misclassified as fluorescent, but an unknown number of
fluorescent particles inevitably go undetected through instru-
ment sensitivity limitations. In light of this the reported flu-
orescent particle number is probably a lower limit of the true
quantity.
The current literature concerning detailed fluorescence
spectrum measurements of outdoor ambient aerosols (Pin-
nick et al., 2004; Pan et al., 2007b) suggests that the most
likely FBAP candidates exhibit both Tryptophan-like and
NADH-like fluorescence peaks. Hill et al. (1999) reported
that fungal spores exhibit both types of fluorescence strongly.
To try and mitigate false positives the definition of FBAP
in this analysis is therefore “the number concentration of
particles that exceed the noise threshold in both the Tryp-
tophan and NADH detection channels” (i.e. at 310–400 nm
following the 280 nm excitation and at 400–600 nm follow-
ing the 370 nm excitation). This is denoted byNFBAP,NWIBS
is the total WIBS-reported number concentration and NNON
is the number of particles exhibiting no fluorescence in any
channel.
It should be noted that NNON 6=NWIBS−NFBAP because
some particles exhibit Tryptophan or NADH-like fluores-
cence but not both. The contribution of this component at
each site is discussed and treated as an uncertainty onNFBAP.
Fluorescence measured at 400–600 nm following the 280 nm
excitation is associated with NADH, but is not added to the
FBAP criterion as in practice it appears to artificially lower
reported concentrations while being well correlated with the
other channels Combining the two channels in this man-
ner reduces the ∼1% thresholding uncertainty to ∼0.01% of
NWIBS.
The nearest large potential source of anthropogenic pol-
lution is the town of Lahad Datu, 80 km away Hewitt et
al., 2010) therefore it is assumed that all fluorescent coarse
mode aerosol particles observed are biological in nature,
since a significant number of transported coarse pollutants
is unlikely. This assumption is re-evaluated throughout the
manuscript using supplementary data where available to es-
tablish the reliability of the measurements.
2.4 Data scaling and quality control
Single-particle data were binned to 5-min time resolution and
divided by the sample flow rate to find the number concen-
tration. If two particles pass through the WIBS-3 sensing
volume before the Xenon lamps have recharged (accounting
for less than 10% of cases) the second particle is counted as
“missed”. In fewer than 0.5% of cases the Xenon lamps did
not trigger, and these events are also re-designated as missed.
The missed particle count (MPC) is subsequently used to
scale the derived concentration and size distributions. Parti-
cles with recorded by the WIBS-3 withDP≤0.5 µm are often
caused by electrical noise and excluded from the analysis.
3 Results and discussion
3.1 Meteorological conditions
Figures 1 and 2 display the average diurnal cycles of RH and
T (i) in the understorey and (ii) above the canopy. The lim-
ited standard deviation (represented by boxes) of both vari-
ables in the understorey compared with above the canopy in-
dicate the variation of T and RH is suppressed because the
canopy shields the site from incoming solar radiation and
prevents efficient exchange with the air above it at night.
The result is a consistent diurnal cycle of both variables and
modally higher RH and T at night in the understorey. Diur-
nally averaged wind speed for June–July is printed in Fig. 3
for (i) the top of the canopy and (ii) the WIBS-3 understorey
measurement height. In both cases the maximum occurs dur-
ing daylight hours, and this suggests some mixing at the top
of the canopy in the early afternoon. The two cycles show
similar variation but the understorey wind speed is typically
less than half that at the canopy top, and is far less vari-
able. This is consistent with the damping of air motion by
the canopy.
Air mass back trajectories
To establish the likely Mesoscale influences on measured
aerosol properties, backwards air mass trajectories (dura-
tion 48 h) ending at the GAW site were modelled at 12-h
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Fig. 1. Diurnal mean relative humidity (i) in the understorey and
(ii) above canopy in June–July 2008. Circles represent mean RH
and boxes represent ±1 standard deviation.
intervals for the entire campaign and hierarchically clustered
by Robinson et al. (2010). Three template trajectories de-
scribed the majority of modelled air mass trajectories ending
at the measurement site during the June–July measurement
campaign: 58% of trajectories began off the SE coast of Bor-
neo; 18% travelled northwards over the terrain of Borneo and
14% travelled northwards along the east coast. The likely air
mass influences were therefore marine, terrestrial and coastal
respectively.
3.2 Particle concentration in the forest understorey
Figure 4 shows NWIBS, NFBAP and NNON for the duration
of the June–July ambient understorey measurements. A
strong diurnal cycle of NWIBS was observed to be domi-
nated by NFBAP, which peaked daily at 14:00–15:00 LT and
again around midnight. A series of NFBAP bursts followed
sunset, maintaining a concentration of ∼1500–2000 L−1.
These bursts ceased by midnight and the concentration fell
to ∼300 L−1 by daybreak, and to a minimum of ∼50 L−1 in
late morning. The cycle began again at 15:00 LT and there
were no systematic deviations from it, suggesting aerosol re-
moval by rain was mitigated by interception and channelling
of rainwater by the canopy. The same pattern was observed
in the understorey in April–May WIBS-3 data.
NNON was typically 100–800 L
−1 throughout the cam-
paign and rose by 100–200 L−1 with the pronounced peaks
in NFBAP, suggesting it was influenced by marginally fluo-
rescent or non-fluorescent particles from the FBAP source.
NNON rose independently of NFBAP at midday on 23, 24 and
28 June peaking at 600 L−1, 1100 L−1 and 400 L−1, respec-
tively. This behaviour was also observed on several days
in the April–May measurement period. Corresponding APS
number above-canopy (DA≥0.96 µm) at midday on these
dates was 1000 L−1, 1250 L−1 and 600L−1, and it is plau-
sible that the non-fluorescent material was transported from
above the canopy, where the number was slightly higher dur-
ing the daytime. The wind speed at the top of the canopy gen-
erally reached its maximum at this time of day and this also
Fig. 2. Diurnal mean air temperature (i) in the understorey and (ii)
above canopy in June–July 2008. Circles represent mean tempera-
ture and boxes represent ±1 standard deviation.
Fig. 3. Diurnal mean wind speed (i) at the top of the canopy and (ii)
in the understorey, June–July 2008. Circles represent mean wind
speed and boxes represent ±1 standard deviation.
suggests mixing at the top of the canopy may be responsi-
ble for the changes seen below, but the reason daytimeNNON
enhancements were seen only on certain days is unclear.
The average diurnal cycles of (i) NWIBS, (ii) NNON and
(iii) NFBAP in the understorey are displayed in Fig. 5. The
day-to-day consistency of NFBAP from 19:00–12:00 LT is
illustrated by the small low standard deviation, and the
large standard deviation between 1500–1800 demonstrates
that the daily NFBAP spike always occurred in this time in-
terval. The largest NNON variations were associated with
these FBAP events, outside of which NNON was between
200 and 400 L−1 and its standard deviation (100–200 L−1)
throughout the rest of the day was larger than that of NFBAP.
This difference in diurnal and day-to-day variability suggests
the majority ofNFBAP andNNON were from separate sources.
Mean number size distributions (dN/dlogDP) for NWIBS,
NNON and NFBAP are plotted in Fig. 6 (i), (ii) and (iii)
respectively. The NWIBS size distribution exhibits modes
at 0.8–1.6 µm and 2–3 µm whereas the NFBAP distribu-
tion shows no 0.8–1.6 µm mode. The size mode at 0.8–
1.6 µm is dominated by NNON and it is distinct from the
NFBAP size mode. A minor 2–3 µm enhancement appears
in the NNON size distribution, which represents 15% of
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Fig. 4. Understorey time series of NWIBS, NFBAP and NNON, June–July 2008. The gap from 25–27 June represents instrument downtime.
Fig. 5. Diurnal average of NWIBS, NNON and NFBAP at the under-
storey site. The shaded area represents ±1 standard deviation.
NFBAP at 2–3 µm. This feature is associated with the
correlated NNON and NFBAP in mid-afternoon. Time-
resolved plots of these distributions are printed in Supple-
mentary Fig. S3 (see http://www.atmos-chem-phys.net/10/
4453/2010/acp-10-4453-2010-supplement.pdf).
Like NFBAP, diurnally averaged RH in the understorey
(Fig. 1i) also reaches a peak (albeit the second peak of the
day) at 14:00–17:00 LT, suggesting the two may be related.
The nature of such a relationship would likely be active fun-
gal spore release triggered by RH reaching 80%. If this is the
case, the spore supply would be exhausted on a timescale of
1 h and replenished during the daytime. A measured diame-
ter of several microns is also consistent with fungal spores.
The plot in Fig. 7 shows that peak NFBAP typically coincides
with RH levels between 80–90% and NFBAP reduces out-
Fig. 6. Number size distributions in the understorey and above
canopy for (i) NWIBS, (ii) NNON and (iii) NFBAP. Circular points
denote above-canopy measurements.
Fig. 7. Understorey NFBAP as a function of ambient RH. Line de-
picts the mean NFBAP and the shaded region the interval between
the 10th and 90th percentiles.
side of this range. The link between RH (and temperature)
and spore release is well documented (e.g. Meredith, 1963;
Grinn-Gofron˜ and Mika, 2008) with the exact conditions for
spore release governed by the plant species.
Understorey particle concentration afterWIBS-3 departs
The understorey time series of NWIBS and
NGRIMM(DP≥0.5 µm) both report a gradual decline in the
maximum number concentration at the peak of the diurnal
cycle. Figure 8 depicts understorey NGRIMM(DP≥0.5 µm)
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Fig. 8. Time series of understorey NGRIMM(0.5≤DP≤20 µm) throughout the WIBS-3 measurement campaigns and understorey NWIBS.
Instrument downtime occurred from 25–27 June.
while the WIBS-3 was at each location, as well as NWIBS
while the two were co-located. The daily peak in NGRIMM
began to decline after 27 June, falling from 4000L−1 to
1000 L−1 by 8 July. The mean nocturnal NGRIMM in the
final week fell to 0.35 its previous value, but that around
noon does not change significantly. It is therefore plausible
(but unconfirmed) that the decline results from a reduction
in the FBAP emission rate.
The cluster analysis of air mass backward trajectories in
Robinson et al. (2010) shows that the three air mass influ-
ences dominated for several days apiece, yet the WIBS-3
data in the understorey shows no corresponding multi-day
changes in NFBAP. Robinson et al. (2010) also note that
the mass spectra from an Aerodyne HR-ToF-AMS above the
canopy do not contain evidence of fresh (i.e. local) biomass
burning aerosols in the submicron size range. It is therefore
probable that the majority of the understorey FBAP are (i) not
transported a significant distance and (ii) not false positives
from complex hydrocarbon interferents related to biomass
burning.
3.3 Particle concentration above canopy
Figure 9 depicts the above-canopy time series of NWIBS,
NNON and NFBAP. NWIBS is quite variable day-to-day, rang-
ing from 300L−1 to 1000 L−1. This variability is partly be-
cause the above-canopy environment is exposed to frequent
heavy rain showers, particularly after the 20 July. NNON
ranged from 300–800 L−1, dominatingNWIBS and driving its
variation until 21 July, with instances of larger NFBAP last-
ing several hours thereafter. NFBAP was highest at night and
varied from 50–300 L−1, with 800 L−1 observed on 23 July.
During the latter period NFBAP recovered more rapidly (by
1–2 h) than NNON following rain, suggesting much of NNON
was transported from a distant source.
Figure 10 contains the diurnally averaged above-canopy
(i) NWIBS, (ii) NNON and (iii) NFBAP. NWIBS was consis-
tently 500–700L−1 and was dominated by NNON, which ex-
hibits little diurnal variation but both are variable day-to-day,
as illustrated by their large standard deviations compared
with that of NFBAP. NFBAP was more variable over the ave-
rage day and consistent day-to-day, reducing from 200L−1
at night to 50 L−1 at noon. Diurnal NFBAP enhancements
occurred at 15:00 LT and 21:00 LT (the latter produced by a
single event in the original time series). The NFBAP diurnal
pattern therefore resembles that found in the understorey in-
sofar as both have a mid-afternoon enhancement and rise at
night.
3.3.1 Above-canopy number size distributions
The plots in Fig. 6 marked by circles show are mean
above-canopy dN/dlogDP for (i) NWIBS, (ii) NNON and
(iii) NFBAP. As in the understorey NWIBS exhibits two
modes: at 0.8–1.6 µm and at 2–3 µm. Again these are
dominated by NNON and NFBAP, respectively. The NFBAP
peak falls from 1600 to 300L−1 log(µm)−1 from the un-
derstorey to the GAW site, whereas the NNON peak at 0.8–
1 µm rises slightly, from 1000 to 1100L−1 log(µm)−1. Time-
resolved size distributions are plotted in the Supplemen-
tary Fig. S4 (see http://www.atmos-chem-phys.net/10/4453/
2010/acp-10-4453-2010-supplement.pdf).
Given the much weaker diurnal variation compared to that
in the understorey it is more difficult to attribute the above-
canopy NFBAP to biological material, but the faster recovery
of NFBAP following rain suggests its source is local. Its size
distribution is also similar to that below the canopy. Above-
canopy measurements of the sub-micron aerosol chemical
composition using an Aerodyne Aerosol Mass Spectrometer
at this site are discussed elsewhere in the current special is-
sue, and these were found to be mainly sulphate and oxidised
organic particles.
3.3.2 Before WIBS-3 was present above-canopy
A TSI Aerodynamic Particle Sizer (Model 3320, TSI Inc.)
was used to measure the number concentration of particles
in the aerodynamic size interval 0.5≤DA≤20 µm. Its size
measurement technique is different to that of the WIBS-
3 (time-of-flight versus elastic scattering intensity respec-
tively). Both instruments identified a secondary size mode:
the WIBS-3 at 2–3 µm and the APS at 2–2.3 µm, indicating
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Fig. 9. Above-canopy time series of NWIBS, NFBAP and NNON in July 2008. Gaps represent instrument downtime.
Fig. 10. Diurnal average ofNWIBS,NNON andNFBAP at the above-
canopy site. The shaded area represents ±1 standard deviation.
the two size measurements are approximately comparable
here. NWIBS was best matched by the APS total number
at DA≥0.96 µm and it is plotted in Fig. 11 with APS mea-
surements from the entire June–July campaign for compari-
son. The systematic difference between the instruments from
13 to 16 July was caused by a WIBS-3 pump issue, subse-
quently corrected, and this data is not included in the analy-
sis. NAPS(DA≥0.96 µm) reached 1600 L
−1 on 25 June and
shows the wide range of values obtained by the WIBS-3 is
generally representative of June and July.
3.4 Differences between understorey and above-canopy
aerosol
3.4.1 FBAP concentration
NFBAP above the canopy was typically 200 L
−1 whereas be-
low it frequently exceeded 1500 L−1. Although this differ-
ence may be partially attributed to the decline in understorey
number concentration, NAPS(DA≥0.96 µm) did not reach
number concentrations in excess of 1000 L−1 after 29 July
whereas data from the WIBS-3 and GRIMM OPC show this
occurred regularly in the understorey, reducing the likeli-
hood that the understorey FBAP was transported from the
air above-canopy. The extra particles therefore likely origi-
nated at some point(s) between the forest floor and the top
of the canopy, and were emitted with high diurnal regularity.
Wind speed alone, which can mechanically suspend soil dust
containing fluorescent humic substances (from decomposed
biomass) and liberate some types of spores, bacteria and de-
tritus from plant surfaces, cannot account for the variation
observed since it was slightly anti-correlated (r=−0.17) with
fluorescent particle number in the understorey. The observed
rainfall pattern was also not so regular as to explain the un-
derstorey number variation.
3.4.2 AF distributions in each location
AF data were split into several arbitrary size bands for un-
derstorey and above-canopy data and their frequency distri-
butions, each normalised to its own maximum, are plotted re-
spectively in Fig. 12i and ii. Both sites indicate a modal AF
of 5 for particles smaller than 2–3 µm, which systematically
shifts to 20 for larger particles. This type of result has been
reported before, by Pan et al. (1999) who show the elastic
scattering pattern from cigarette smoke is homogeneous be-
cause of particle coincidence effects and low scattering inten-
sity whereas single BG spores create heterogeneous, intense
patterns, which would lead to a higher AF here.
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Fig. 11. Above-canopy number concentration time series from the APS and WIBS-3 in their common size range.
Above the canopy the transition to the high-AF regime is
not complete until the 4–6 µm size interval is reached, be-
cause neither NFBAP nor NNON dominates at 2–3 µm. The
detected aerosol at each measurement location therefore ap-
pears to be morphologically similar based on AF. FBAP has
significantly different AF properties to non-FBAP and the
largest FBAP is the least uniformly spherical, as evidenced
by slight increases with size in the high-AF regime. That the
smaller particles have lower AF rather than higher gives con-
fidence that the observed distributions are not merely a size-
related artefact as was the case with the PSL microsphere
experiment discussed earlier.
3.5 Comparison of FBAP and non-FBAP at the two sites
The ratio NABOVE/NUNDERSTOREY of the mean size distri-
bution at each site is plotted for NWIBS, NNON and NFBAP
respectively in Fig. 13. To estimate the uncertainty in these
relative size distributions the fractional standard deviation at
each point in each size distribution was propagated in quadra-
ture. The time separation of the two measurements means
the derived ratios cannot be considered a direct comparison
but they are helpful in comparing the typical features of the
aerosol sampled at each location.
In each case a steep fall in ratio occurs from 0.8–1.6 µm,
coinciding with the transition from the smaller size mode to
the larger at each site. At larger sizes the standard devia-
tion of NFBAP reduces and the ratio begins to rise gradually
with particle size, from 0.25 at 1.6 µm to 0.4 at 15 µm, albeit
with increasing standard deviation as NWIBS reduces signif-
icantly at the largest sizes. NNON initially follows the same
pattern asNFBAP but also exhibits an enhancement at 2–5 µm
that may be linked to the reduction in Tryptophan-type fluo-
rescence above the canopy. Another enhancement occurs at
10 µm but uncertainty dominates here. The excess of NNON
above the canopy suggests it is entrained into the understorey
environment rather than originating there.
3.6 Uncertainty in FBAP classification
The number of fluorescent particles that do not meet
the FBAP criterion offers an insight into the potential
under-estimate of FBAP number. A linear regression
Fig. 12. Normalised Asymmetry Factor distributions (i) in the un-
derstorey and (ii) above the canopy, segregated by particle size.
Fig. 13. Above canopy:understorey number concentration ratio as a
function of particle size for (i) NWIBS, (ii) NNON and (iii) NFBAP,
with ±1 standard deviation highlighted in grey.
between NNADH and NTRYPTOPHAN shows that mean
NNADH=0.97NTRYP in the understorey, with r=0.98. Above
the canopy NNADH dominates, with NTRYP=0.66NNADH
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with r=0.90, suggesting the presence of a different
fluorescent aerosol component or a consequence of the un-
derstorey FBAP being exposed to the strong solar UV radi-
ation above the canopy. This type of uncertainty is there-
fore small in the understorey but represents almost a third
of NFBAP above the canopy. Time series of NNADH and
NTRYP are printed for the understorey and above-canopy sites
(Figs. S1 and S2, see http://www.atmos-chem-phys.net/10/
4453/2010/acp-10-4453-2010-supplement.pdf) to illustrate
the systematic difference between the two components above
the canopy and their similarity in the understorey.
4 Comparison with other studies
Based on the similarity in aerosol properties but significant
difference in NFBAP at the two sites it appears there is little
sustained or prolonged FBAP transport between them. This
is reflected in a more complete analysis of aerosol fluxes be-
tween the sites by Whitehead et al. (2010). Based on simul-
taneous measurements at each site they conclude that only
submicron-sized particles bear the hallmarks of transport be-
tween the sites and this transport is limited to periods in late
morning. They also measure vertical profiles of supermicron
aerosol number using a series of optical particle counters be-
tween the forest floor (where the WIBS-3 was stationed) and
canopy top. Mid-afternoon number spikes were observed
matching the NFBAP spikes measured by the WIBS-3 but
these were confined to the lower half of the understorey, sug-
gesting a lack of vertical transport.
Gilbert and Reynolds (2005) counted spores in the un-
derstorey of a tropical forest in Queensland, Australia, and
found a strong diurnal cycle with concentrations ranging
from ∼102 L−1 in daylight to ∼103 L−1 at night, compar-
ing favourably with the values obtained in our study. They
found the mean understorey spore concentration is 52 times
higher than within the canopy, a significantly stronger gra-
dient than in this study, which shows mean above canopy
NFBAP is a factor of 2.5 smaller than in the understorey. The
major uncertainty from non-simultaneous WIBS-3 measure-
ments is capable only of reducing this derived value, since
the understorey FBAP diurnal cycle appears to diminish later
in the campaign. Based on our measurements the majority of
understorey FBAP emanates from below the canopy but it
is unclear exactly what height contributes the most. Wind-
liberated material from the top of the canopy does not ap-
pear to affect understorey NFBAP but may affect that found
above canopy, possibly explaining the larger discrepancy be-
tweenNNADH andNTRYP found there. Above-canopyNFBAP
(on average ∼150 L−1) compares favourably with Matthias-
Maser and Jaenicke (2000b) who report remote continental
PBAP concentration of 220 L−1 atDP>0.2 µm, although ma-
terial smaller than the WIBS-3 can detect may contribute to
their results.
Guyon et al. (2003) observed a 1.9±0.4-fold increase in
total coarse (PM10–PM2) mass at night in Amazonia, but do
not distinguish between PBAP and other coarse aerosol par-
ticles. Our study finds the coarse aerosol to be dominated by
FBAP, with mean night-time NFBAP 1.8 times higher than
daytime in both the understorey and above canopy, albeit
with standard deviations of 1.8 and 1.6, respectively, because
of intense understorey NFBAP fluctuations in mid-afternoon
and smallNFBAP above canopy. Gilbert and Reynolds (2005)
found mean nocturnal spore concentration was 5.7 times the
daytime value in the understorey, and canopy-level concen-
trations increased by a factor of 35 at night. These under-
storey values are of similar magnitude to those obtained with
the WIBS-3 in the understorey, but the longer term decline
in diurnal cycle strength observed illustrates how the cycle
intensity is subject to change, although its qualitative be-
haviour is maintained throughout. The vertical gradient re-
sults may differ significantly because Gilbert and Reynolds’
upper measurement site was within the canopy rather than
high above it as in this study. A different vertical arrange-
ment of FBAP sources through the canopy at each forest
would also explain the difference.
5 Summary and conclusions
Single-particle ultraviolet light-induced fluorescence was
used to identify the fluorescent subset of the primary bio-
logical aerosol in the size range 0.8–20 µm above and below
the canopy of a tropical rainforest. The size, morphology and
number concentration of the fluorescent and non-fluorescent
components at each site was compared.
The understorey NWIBS is dominated by NFBAP but this
is not the case above the canopy, where NFBAP is an or-
der of magnitude smaller although NNON is comparable at
both sites. The understorey NFBAP diurnal cycle is remark-
ably consistent and exhibits strong enhancements in mid-
afternoon and early evening as well as elevated number at
night. Mean nocturnal NFBAP enhancement is similar at both
sites but the strong transient features observed in the un-
derstorey are not observed above the canopy. The gentler
variation of the above-canopy NFBAP cycle qualitatively sug-
gests only a weak coupling of FBAP between the sites. In
the understorey it appears that a number of non-FBAP parti-
cles are contributed by the FBAP emission mechanism. The
aerosol turbulent transport below and above canopy is dis-
cussed in further detail in the associated paper by Whitehead
et al. (2010) in this special issue
Based on observed recovery times of above-canopy NNON
and NFBAP following rain showers, and the measured day-
to-day variability of NNON compared to that of NFBAP, the
two do not appear to share the same source, with the FBAP
source lying closer to the measurement sites. This conclusion
is reinforced by the comparableNNON but consistently larger
NFBAP in the understorey. The apparent independence of the
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understorey NFBAP diurnal cycle from wind speed, above-
canopy coarse mode number concentration and calculated air
mass origin suggest that it is produced within or below the
canopy. The largest NFBAP values were measured when un-
derstorey RH was greater than 80%, suggesting a potential
link. Such behaviour is consistent with actively released fun-
gal spores, the supply of which may be exhausted through the
evening and replenished throughout the daytime. The NFBAP
size mode at 3 µm and presence of fluorescence in multiple
wavelength bands is also consistent with small fungal spores.
The common size and Asymmetry factor (AF) modes ob-
tained at both sites indicate that the same sources of FBAP
and non-FBAP contribute significantly to each site. The for-
est is concluded to be the source of most FBAP observed in
each location, but it is unclear whether the top of the canopy
acts as a more significant source of FBAP at the above-
canopy site than in the understorey. This may account for the
larger difference between NNADH and NTRYP above canopy.
A gradual day-to-day decline in the intensity of the under-
storey NFBAP diurnal cycle was observed later in the WIBS-
3 dataset and continued after the WIBS-3 was moved to the
above-canopy site. Coarse mode aerosol number concentra-
tion measured using a TSI APS stationed above the canopy
for the entire campaign did not reflect the strength of the di-
urnal cycle observed below. This indicates FBAP are signifi-
cantly attenuated by the canopy and/or are only weakly trans-
ported between the sites by the intermediate atmosphere.
Since the source is thought to lie outside the canopy, this
difference in abundance compared with FBAP may arise be-
cause of the direction of travel through the canopy: FBAP
are larger and must be propagated upwards against a strong
sedimentation flux gradient by intermittent large scale turbu-
lence events (see Whitehead et al., 2010) whereas the non-
fluorescent particles are smaller and appear to be entrained
into the understorey.
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Abstract. UV-LIF measurements were performed on am-
bient aerosol in Manchester, UK (urban city centre, win-
ter) and Borneo, Malaysia (remote, tropical) using a Wide
Issue Bioaerosol Spectrometer, version 3 (WIBS3). These
sites are taken to represent environments with minor and sig-
nificant primary biological aerosol (PBA) influences respec-
tively, and the urban dataset describes the fluorescent back-
ground aerosol against which PBA must be identified by re-
searchers using LIF. The ensemble aerosol at both sites was
characterised over 2–3 weeks by measuring the fluorescence
intensity and optical equivalent diameter (DP) of single par-
ticles sized 0.8≤DP≤ 20 µm. Filter samples were also col-
lected for a subset of the Manchester campaign and analysed
using energy dispersive X-Ray (EDX) spectroscopy and en-
vironmental scanning electron microscopy (ESEM), which
revealed mostly non-PBA at D≥ 1 µm.
The WIBS3 features three fluorescence channels: the
emission following a 280 nm excitation is recorded at 310–
400 nm (channel F1) and 400–600 nm (F2), and fluores-
cence excited at 350 nm is detected at 400–600 nm (F3).
In Manchester the primary size mode of fluorescent and
non-fluorescent material was present at 0.8–1.2 µm, with a
secondary fluorescent mode at 2–4 µm. In Borneo non-
fluorescent material peaked at 0.8–1.2 µm and fluorescent at
3–4 µm. Agreement between fluorescent number concentra-
tions in each channel differed at the two sites, with F1 and
F3 reporting similar concentrations in Borneo but F3 out-
numbering F1 by a factor of 2–3 across the size spectrum
in Manchester.
The fluorescence intensity in each channel generally rose
with DP at both sites with the exception of F1 intensity in
Correspondence to: A. Gabey
(andrew.m.gabey@postgrad.manchester.ac.uk)
Manchester, which peaked at DP = 4 µm, causing a diver-
gence between F1 and F3 intensity at larger DP. This di-
vergence and the differing fluorescent particle concentrations
demonstrate the additional discrimination provided by the F1
channel in Manchester. The relationships between fluores-
cence intensities in different pairs of channels were also in-
vestigated as a function of DP. Differences between these
metrics were apparent at each site and provide some distinc-
tion between the two datasets. Finally, particle selection cri-
teria based on the Borneo dataset were applied to identify a
median concentration of 10 “Borneo-like” fluorescent parti-
cles per litre in Manchester.
1 Introduction
Primary biological aerosol (PBA) is the subset of the atmo-
spheric aerosol that includes plant and insect debris, fungal
and plant spores, pollen, cells, viruses and bacteria. PBA
abundance in the atmosphere is poorly constrained and po-
tential feedback on cloud-hydrological pathways is not yet
fully included in climate models. Long-range PBA transport
has implications for global biodiversity and disease transmis-
sion and there are potential effects on cloud microphysical
processes because of the ability of PBA to act as “giant”
cloud condensation nuclei (GCCN) and heterogeneous ice
nuclei (IN) at temperatures as warm as −2 ◦C (Diehl et al.,
2001, 2002). In rural areas the PBA is dominated by fun-
gal spores whereas urban locations usually contain a more
varied PBA population thought to contain a larger bacterial
component (Matthias-Maser and Jaenicke, 1995) because of
sources such as municipal waste treatment plants.
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1.1 PBA fluorescence
Many PBA are fluorescent under ultra-violet illumination
because of the presence of intrinsic bio-fluorophores. The
absorption cross-section and fluorescence quantum yield of
these compounds are large enough that, despite the fact they
typically account for∼5% of PBA dry mass (e.g. Faris et al.,
1997) their emission dominates the fluorescence from the en-
tire particle. Peaks in PBA fluorescence spectra are often at-
tributable to the co-enzyme NAD(P)H – part of the metabolic
process – flavins, and the amino acids, Tryptophan and Ty-
rosine. The relative strength of these peaks varies between
PBA types and sometimes species, allowing some tentative
discrimination in the laboratory (e.g. Hill et al., 2009). Tryp-
tophan is excited at wavelengths around 280 nm and emits
fluorescence in a peak from 300–400 nm. NADH is excited
between 270 and 400 nm and emits between 400 and 600 nm,
and Riboflavin is excited at 300–500 nm and emits mostly be-
tween 400 and 700 nm (Lakowicz, 2006; Kaye et al., 2005;
Hill et al., 2009). The excitation and emission bands of these
bio-fluorophores are quite well separated, which allows the
detection of fluorescence (which decays rapidly following
excitation) to be carried out at the same time as the excita-
tion through the use of optical filters. This technique there-
fore offers near real-time measurements compared with bio-
chemical analyses, and the ability to monitor concentrations
for long periods with no consumables required.
Laboratory measurements (Agranovski et al., 2003a) and
field tests (Ho, 1996) using the TSI Ultraviolet Aerodynamic
Particle Sizer (UV-APS; 350 nm excitation and 400–600 nm
detection) to investigate various bacteria and spores demon-
strate that PBA can be detected by UV-LIF at wavelengths
corresponding to NAD(P)H, albeit with varying reliability in
the case of bacteria. Agranovski et al. also note a higher UV-
LIF detection rate compared with using a culturable tech-
nique. Discrimination between broad PBA types (e.g. bacte-
ria and fungal spores) is possible when comparing their fluo-
rescence spectra after multiple wavelength excitations (e.g.
Sivaprakasam et al., 2004, 2007), although this does not
extend to identifying specific biological species. More re-
cently, Pan et al. (2010) used computational processes with
data from fluorescence-based detection systems to discrimi-
nate PBA from environmental aerosol by comparing the fluo-
rescence spectra of ambient particles with those measured in
the laboratory. These proof-of-concept experiments demon-
strate the utility of multiple wavelength excitations and post-
processing analysis in distinguishing PBA of a given type,
but there are few measurements (discussed in Sect. 1.5) of
the background aerosol fluorescence that test samples must
be distinguished from to reduce false-positive matches.
1.2 Factors affecting PBA fluorescence
In practice several factors affecting PBA fluorescence make
it difficult to compare an ambient and a laboratory sample
of the same PBA particle. The intensity of NAD(P)H- flu-
orescence from bacteria varies depending on its physiologi-
cal age, the stage in its lifecycle and environmental stresses
such as heat or desiccation (Agranovski et al., 2003b). Bio-
chemical processes within cells also affect the fluorescence
quantum yield from fluorophores. One example of this
is NADH, which emits higher-intensity fluorescence when
bound to proteins (Lakowicz, 2006). Uk Lee et al. (2010)
note that ending the biological activity in fungal spores using
a thermal shock of 400 ◦C does not immediately affect their
fluorescent intensity when measured with a UV-APS. This
demonstrates that it is the breakdown or depletion of bio-
fluorophores over longer timescales that affect fluorescence
intensity.
The presence of liquid water inside or coating a PBA also
affects the measured fluorescence from it. This is notewor-
thy because pollen (e.g. Diehl et al., 2001), bacterial spores
(e.g. Westphal et al., 2003) and fungal spores (e.g. Yarwood,
1950) are known to take up water from their surroundings,
even in sub-saturated conditions. Faris et al. (1997) carried
out single-particle measurements on aqueous and dry Bacil-
lus Subtilis spores and showed that the fluorescence cross-
section of wet particles was 25% lower than for dry particles
when UV energy fluence was less than 1.3mJ cm−2.
1.3 Interferents
Fluorescent non-PBA also exists in the atmosphere, and
some possesses similar fluorescence properties to PBA. One
example is soot, which contains fluorescent Polycyclic Aro-
matic Hydrocarbons (PAHs). This increases the likelihood of
UV-LIF reporting false positives under certain environmen-
tal influences. Combustion contributes mostly small aerosol
particles that can agglomerate into larger particles compara-
ble in size to PBA. For example, Schauer et al. (2004) note
that the PAHs found in PM2.5 material are dominated by
fresh local combustion emissions. Humic and Fulvic acids
found in soil dust also share these fluorescence properties
and are formed during the decomposition of biomass. Ae-
olian suspension of soil dust favours the coarse mode over
smaller particles, providing another source of large fluores-
cent particles.
1.4 Past direct measurements of ambient PBA
The difficulty associated with counting PBA directly (of-
ten using a combination of staining and microscopic tech-
niques) with standard biological samplers means few es-
timates of total PBA exist in the published literature. A
study by Harrison et al. (2005) found concentrations of 35–
180 bacteria l−1 in urban Birmingham, UK, depending upon
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the season. Matthias-Maser and Jaenicke (1995) counted
PBA downwind of Mainz, Germany, using optical and elec-
tron microscope analyses of filter samples. When the city
lay upwind in the spring, bacteria of 0.6–2 µm diameter
numbered ∼3× 103 l−1 and dominated the PBA concentra-
tion, representing 20–30% of the total aerosol number in
this size range and 1–20% at larger sizes. In contrast the
rural-influenced PBA was dominated by pollen and fungal
spores. The difference between the reported urban bacteria
concentrations underlines the difficulty in interpreting total
PBA measurements, although they consistently demonstrate
that bacteria dominate the PBA number in urban locations.
Gilbert and Reynolds (2005) captured and counted fungal
spores on glass slides in the understorey of a tropical for-
est in Queensland, Australia, and found a strong diurnal cy-
cle with concentrations ranging from ∼102 l−1 in daylight
to ∼103 l−1 at night with a similar, albeit weaker, cycle ob-
served within the canopy.
Many studies use culturable techniques to catalogue the
biological species present in the air at a given location, how-
ever these do not provide absolute concentrations. Total PBA
concentrations have also been inferred using chemical tracers
such as Mannitol that are associated with fungal spore ejec-
tion. Elbert et al. (2007) perform a comprehensive review
of global Mannitol concentrations and derive a fungal spore
emission yield of one spore per 5 pg. This carries uncertain-
ties relating to assumptions about the spore size distribution
and release mechanism, each of which is dependant upon
species. Passively released fungal spores are also not part
of these estimates and the result is scaled by a constant value
based on the abundance of different fungus species to incor-
porate them. Bacteria are not described by these tracers but
dominate the PBA concentration at remote and high-altitude
sites (e.g. Harrison et al., 2005; Bauer et al., 2002), leading
to additional uncertainty in PBA number.
1.5 Past fluorescence measurements of ambient aerosol
A small number of published studies of ambient fluorescent
aerosol concentrations is now available. Po¨schl et al. (2010)
characterised the aerosol sized 0.02–10 µm in Amazonia us-
ing a range of techniques. A TSI UV-APS and scanning
electron microscope measured a size mode at 1.5≤DA ≤
3 µm that was dominated by fluorescent PBA. Huffman et
al. (2010) performed UV-APS measurements of the ambi-
ent aerosol in Mainz, Germany, and report fluorescent size
modes at 0.7≤DA ≤ 0.9 µm and 3 ≤ DA ≤ 5 µm. Fluores-
cent particles accounted for 20–30% of the total number at
DA > 3 µm. They conclude that PAHs are likely to dominate
only the sub-1 µm fluorescent size mode.
The continuous fluorescence spectra of individual ambi-
ent coarse-mode particles excited at 266 nm (Pinnick et al.,
2004; Pan et al., 2007) exhibit a surprising lack of variation,
with ten template spectra able to describe more than 90%
of the spectra obtained in urban, semi-urban and desert en-
vironments. Fluorescent non-PBA dominates the number of
particles sampled at each site, but only short measurements
were performed and the size range was limited to DA≥ 3 µm
so the concentration and diurnal behaviour of fluorescent par-
ticles is not known.
Gabey et al. (2010) monitored fluorescent particle con-
centrations using two excitation and detection wavelengths
above and below a tropical rainforest canopy in Borneo,
Malaysia. They found fluorescent aerosol dominated the to-
tal number concentration at 0.8–20 µmwith a size mode at 2–
3 µm. A strong diurnal concentration cycle was observed be-
low the canopy, peaking at 2× 103 fluorescent particles l−1,
while a similar cycle above peaked at 2× 102 l−1 suggesting
the source was fungal spores, confirmed using ESEM im-
ages, generated mainly within the canopy trunk space and in
the forest litter zone.
1.6 Scope
This work briefly discusses the possible sources of fluores-
cent aerosol in Manchester, UK, in December 2009 and com-
pares the characteristics with those recorded within a trop-
ical rainforest in Borneo, Malaysia. The morphology and
composition of particles collected on Nuclepore® filters was
established using an Environmental Scanning Electron Mi-
croscope (ESEM) with energy-dispersive x-ray (EDX) detec-
tor. Fluorescent and total particle size distributions were ob-
tained and fluorescence intensity is compared at the two sites
to try and find distinctive features. This work is also intended
to represent a measurement of the “background” fluorescent
aerosol at each site.
Recent work by Pan et al. (2011) used principal compo-
nent analysis (PCA) to identify the relationships between
elastic scattering intensity and within wavelength dispersed
fluorescence spectra following 266 and 351 nm excitations.
PCA is well-suited to their 44-dimension dataset but this
analysis uses only 4 (3 fluorescence + DP) so a more con-
ventional analysis of the relations between fluorescence in
different channels and DP is therefore presented.
2 Methods and instrumentation
2.1 Wide-Issue Bioaerosol Spectrometer version 3
(WIBS3)
The WIBS3 (Kaye et al., 2005; Foot et al., 2008) per-
formed single-particle UV-LIF measurements at each site.
Air flows through the instrument at 2.38 lmin−1 with 10%
drawn through a tube of 1.2mm inner diameter to produce a
single-file stream of aerosol through the centre of a sensing
region. The remainder of the air is filtered and re-introduced
as a sheath flow. A particle passing through the sensing re-
gion encounters a 632 nm diode laser beam and the inten-
sity of light elastically scattered forward and sideways is
measured to estimate particle diameter from a 2-D lookup
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table based on a Mie scattering model. Single-particle size
is sorted into one of 11 bins chosen based on the instrument
response to calibration particles in the laboratory. The to-
tal WIBS3-reported concentration is comparable to that of a
Grimm Inc. Dust Monitor 1.108 at DP ≥ 0.8 µm in Manch-
ester. Optical equivalent diameter is influenced by particle
refractive index (composition effects) and diffraction (mor-
phological effects) and peaks in the size spectrum are conse-
quently broadened when a number of sources influence the
aerosol at a site.
Two optically filtered Xenon flash-lamps sequentially pro-
vide excitations centred at wavelengths of 280±∼ 20 nm and
350±∼ 50 nm with an energy fluence of 320–350 µJ cm−2.
Two spherical mirrors, each subtending 1.33 steradian, fo-
cus any fluorescence onto one of two photomultiplier tubes
(PMTs), each optically filtered to limit their wavelength re-
sponse to one of two bands that do not overlap the excitation
emissions: 310–400 nm and 400–600 nm. The recorded flu-
orescence intensity for each particle is not an absolute value
and is therefore stated in arbitrary units (a.u.). The inten-
sity scale is different between channels but does not change
between campaigns based on the unchanged instrument re-
sponse to fluorescent and non-fluorescent calibration parti-
cles in the intervening period.
Both PMTs record fluorescence during the 280 nm ex-
citation because no detection bands overlap the excitation
band, however only the 400–600 nm PMT operates during
the 350 nm excitation. The excitation and detection wave-
lengths were chosen to correspond to the excitation and fluo-
rescence wavebands of Tryptophan and NAD(P)H.
2.2 Electron microscopy and elemental analysis of
filter samples
To supplement the Manchester WIBS3 data, a portable PM10
sampler (SKC, Inc.) was operated on several arbitrarily se-
lected days in order to capture each part of the diurnal cy-
cle. Aerosol was collected onto NuclePore® substrates (pore
size 400 nm) at 7 lmin−1 for a total of 26 h over three days.
ESEM (Philips XL30 ESEM-FG) was used to image the par-
ticles on the substrates. Unlike conventional SEM, ESEM
uses a lower vacuum with gaseous H2O inside the imaging
chamber so that the samples do not need to be coated before
imaging. Each filter section was fixed onto an aluminium
stub using double-sided carbon film. Secondary electron
images were collected using the gaseous secondary elec-
tron (GSE) detector in low-vacuum (“environmental”) mode
(H2O pressure= 0.5 Torr).
Elemental analysis of each particle was performed using
the EDX spectrometer attached to the ESEM. This uses a
15 keV electron beam to liberate an electron from the “K”
shell of each atom in a sample. The X-ray emission as-
sociated with the subsequent electronic transition has an
energy characterised by the atomic species and this yields
an energy spectrum with peaks corresponding to the most
common elements in the sample.
2.3 Data processing and particle selection criteria
A minimum fluorescence intensity threshold is applied to
WIBS3 data to remove low-level fluorescence effects from
internal components. This is discussed in detail in Gabey
et al. (2010) and is likely to misclassify ∼0.5% of non-
fluorescent particles as fluorescent in each channel. The
threshold is subtracted before any comparisons of fluores-
cence intensity are made.
If a second particle passes through the WIBS3 sensing re-
gion within ∼10m s of the first it is not classified because of
the dead-time associated with the Xenon lamps. The second
particle is instead recorded as “missed” by the laser parti-
cle detection system. Approximately 10% of all particles
were missed at each site, and this information is used to scale
the fluorescent and non-fluorescent number concentrations,
which are calculated at 15-min intervals in this analysis.
A minimum elastic scattering pulse duration and inten-
sity threshold are set to stop the WIBS3 counting brief noise
spikes as aerosol particles. This threshold was raised from its
default value (that used in Borneo) in Manchester because of
transient rises in the noise floor each lasting ∼1min that led
to large numbers of nonexistent “0.3–0.5 µm particles” trig-
gering the Xenon lamps at their maximum rate. No particles
in this size range were reported under normal circumstances
therefore these events are readily identified and excluded ac-
cordingly. This affected <1% of the Manchester dataset, but
the counting efficiency was reduced between these events be-
cause of the more stringent criteria being applied. Compar-
isons with another OPC (Grimm Inc. Dust Monitor 1.108)
show that the maximum reduction in counting efficiency is
50% at 0.8 ≤ DP ≤ 1 µm, 20% at 1 ≤ DP ≤ 1.6 µm and is
negligible for larger particles.
Seven different particle categories are specified in the anal-
ysis, based on whether or not fluorescence is observed in
each channel, and these are listed in Table 1. This includes
the total number concentration (NTOT) and particles with flu-
orescence detected in each of the three channels (NF1, NF2
and NF3). Particles exhibiting fluorescence in pairs of chan-
nels (N1 AND 3, N2 AND 3 and N1 AND 2) are also resolved
to complement a discussion of fluorescence intensity ratios.
Fluorescence spectra published by other researchers (e.g.
Pinnick et al., 1998; Sivaprakasam et al., 2004) show that
fungal spores often exhibit broad fluorescence peaks (corre-
sponding to WIBS3 channels F1 and F3), bacteria often fea-
tures a distinct 300–400 nm peak (F1) and some bacteria emit
a broader fluorescence spectrum (triggering F1 and F2). The
F1 and F3 channels respectively comprise excitation and de-
tection bands designed to target Tryptophan and NADH, al-
though fluorescence in these channels is not unique to these
molecules or even to PBA.
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Table 1. The fluorescent and non-fluorescent particle types specified in the analysis.
Short name Description
TOT Total number concentration
NON No fluorescence detected in any channel
F1 Fluorescence detected in channel F1(excitation at 280 nm, detection 310–400 nm)
F2 Fluorescence detected in channel F2(excitation at 280nm, detection 400–600 nm)
F3 Fluorescence detected in channel F3(excitation at 370 nm, detection 400–600 nm)
F1 AND 3 Fluorescence present in F1 and F3 (the “FBAP” criterion in Gabey et al, 2010)
F1 AND 2 Fluorescence present in F1 and F2
F2 AND 3 Fluorescence present in F2 and F3
Some particle fluorescence is intense enough to saturate
the detection channel. These particles are included in fluo-
rescent number concentrations but excluded from the sub-
sequent discussion of fluorescence intensity because they
would produce non-physical results. The contribution of sat-
urating particles ranged from 0.008% to 3% of NTOT in the
size range 0.8≤DP≤ 20 µm, with a higher incidence of satu-
ration among larger particles. A summary of saturating parti-
cle abundance is printed in Table S1 as a percentage of NTOT
and fluorescent number concentration. The greatest propor-
tion was found in the F1 channel in Borneo, where they ac-
counted for more than 20% at DP≥ 8 µm, and their impact
on the analysis is noted where appropriate.
2.4 Site descriptions
Manchester is a medium-sized city (estimated population
483 000 – Manchester City Council, 2009) in the North-West
of England. TheWIBS3 and filter sampler were located 15m
above ground level on a measurement platform at the Cen-
tre for Atmospheric Science, University of Manchester. Data
was collected from the 4–21 December 2009. The building is
situated approximately 1 km from the centre of Manchester,
50 metres from Oxford Road (a main traffic route to and from
the city centre). A number of small parks and greens lay 1–
2 km from the university, and extensive heath land is present
beyond 15 km to the West of the city centre.
Tropical rainforest data was collected in Danum valley,
N.E. Borneo, from June–July 2008 as part of the second
OP3/ACES intensive campaign (a project overview is avail-
able in Hewitt et al., 2010) at a site around 60 km west of
the nearest town (Lahad Datu). The WIBS3 inlet was sit-
uated 2m above the forest floor, around 30m beneath the
canopy. Three weeks of data was obtained, and the nature
of the fluorescent aerosol is discussed in Gabey et al. (2010).
The forest floor is thought to represent an environment rich
in fungal spores in the afternoon and evening, with higher
non-biological aerosol concentrations present in the middle
of the day.
3 Results and discussion
3.1 Size distribution and number concentration of
fluorescent particles
3.1.1 Manchester WIBS results
The time series of NTOT (upper panel) and NF1, NF2 andNF3
(lower panel) are plotted in Fig. 1 with shaded areas that rep-
resent periods when the filter sampler was running. Through-
out December NNON is an order of magnitude larger than
any of the fluorescent concentrations, at 900–2100 l−1. NF1
is typically 0–100 l−1, NF2 is typically 0–200 l
−1 and NF3 is
typically 0–300 l−1, with these “typical” values representing
the 10th and 90th percentiles during the respective periods.
Elevated number concentrations also occur on several days,
during whichNF3 exceeds 1000 l
−1 andNF2 andNF3 are also
strongly enhanced for 1.5 days from the 10–12 December.
Data coinciding with filter collections are summarised by
a box-and-whisker plot in Fig. 2i with the plots for the over-
all dataset in Fig. 2ii. Median NNON is smaller during filter
sampling periods and the median fluorescent number con-
centrations are larger. Both of these changes are within their
respective inter-quartile ranges but amount to a doubling in
the fluorescent number fraction during filter sampling. NF1,
NF2 and NF3 represented 5%, 10% and 19% of NTOT re-
spectively during filter sampling periods whereas these fig-
ures reduce to 3%, 6% and 11% of NTOT when the entire
dataset is used. The enhanced number fractions manifest as
an increase across the size spectrum (not shown) rather than
in a particular size interval. The filters therefore represent
higher than average concentrations for December, but such
events are not unique in this dataset and they are concluded
to be broadly representative of the material found in Manch-
ester during December 2009.
Large variations in NTOT and fluorescent concentrations
take place each day in Manchester, and Fig. 3 shows the di-
urnal cycles of each particle type. NNON is greatest between
05:00–10:00 and 17:00–19:00, and each fluorescent concen-
tration peaks strongly at 09:00–10:00 with a rapid falloff in
NF2 and NF3 but a more gradual reduction in NF1 thereafter.
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Fig. 1. Time series of WIBS3 number concentrations in Manch-
ester 2009. Filter samples were collected in the periods marked by
shaded areas.
Fig. 2. Box-and-whisker plots of NNON, NTOT and fluorescent
number concentrations in Manchester during (i) filter sampling pe-
riods and (ii) for the overall dataset.
The fact that fluorescent number concentrations increase in
the same period as NNON means traffic activity cannot be
ruled out as a fluorescent particle source, either through re-
suspension of PBA or production of PAHs. Small rises in
NF2 and NF3 (but not NF1), also occur through the afternoon
and peak at ∼20:00.
Fig. 3. Diurnal (median) variation in fluorescent, non-fluorescent
and total number concentrations in Manchester.
Number size distributions (dN /dlogDP) of each particle
type in Manchester are plotted in Fig. 4, along with the me-
dian number fractionN /NTOT. Throughout the measurement
period NNON (Fig. 4v) dominates NTOT (Fig. 4i) and both
size distributions peak at 1.2 µm. This peak is not explicitly
reported by particle counters sensitive to broader size ranges
and is the manifestation of increasing aerosol concentration
with decreasing DP in WIBS3 data. Its appearance at 1.2 µm
rather than 0.8 µm is a combination of the increasing WIBS3
counting efficiency at 0.5–1 µm, its DP estimates of mate-
rial sized 0.8–1 µm, and the fact that each size distribution is
plotted to the logarithmic mid-bin.
The NNON number fraction reduces with size and reflects
how fluorescent particles dominate at DP ≥ 6 µm. Each flu-
orescent number distribution NF1, NF2 and NF3 (Fig. 4ii–
iv) contains a primary size mode at 1.2 µm and a secondary
mode at 1.5≤DP ≤ 3 µm which is around half the strength,
and not present in the NNON distribution. The primary fluo-
rescent size modes inNF1, NF2 andNF3 respectively account
for 1.3%, 2.5% and 5% of NTOT. These are greater than the
misclassification likely to arise from the fluorescence thresh-
olding process, and the fluorescent number fractions gener-
ally increase with particle size, peaking at 8–10 µm with val-
ues of 20%, 60% and 80% respectively. The size distribu-
tions of particles exhibiting fluorescence in each combination
of F1, F2 and F3 in Manchester are plotted in Fig. S1 and
feature prominent modes at 2–4 µm, with weaker features at
1.2 µm.
3.1.2 Electron microscope analysis of filter samples
To gain an impression of the range of particle sources in
Manchester, 105 particles with diameters larger than approx-
imately 1 µm were chosen manually for imaging and EDX
analysis, with an emphasis on finding different morpholo-
gies. A further 50 particles were imaged without EDX anal-
ysis and revealed two further PBA candidates. The largest
signal peaks in the EDX spectra collected usually corre-
sponded to the elements Al, C, Ca, Cl, Fe, O, S and Si.
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Fig. 4. Manchester number size distributions (logarithmic mid-size bins) for each particle type. Solid line: median, dark shading: inter-
quartile range light shading: 10% and 90%. Dashed lines show median number fraction N /NTOT. Percentiles intersecting the x-axis
represent a zero concentration.
As a basic classification scheme the relative height of these
peaks was recorded and the particles sorted into basic classes
based on the largest peak. If the second largest peak height
was more than 50% of the first, the particle was classed as
a “mixed” type. A selection of the most common electro-
graphs and the PBA candidates is presented in Fig. S9. The
abundance of each class is displayed as a pie chart in Fig. 5,
with Carbon, Calcium, Silicates and Iron Oxide dominating
the collected spectra. The recorded images show that the
carbon-rich particles are dominated by soot across the size
range 1–10 µm, with the notable exception of three particles
sized 3–5 µm that appear to be PBA.
Based on this information the majority of ambient coarse-
mode aerosol in Manchester is derived from a combination of
anthropogenic sources, dust transport and sea-salt, with only
a minor role for PBA. A quantitative result from this anal-
ysis cannot be inferred because of uncharacterised particle
losses, the small sample size and a manual selection process
biased towards maximising the range of particle morpholo-
gies. The results are, however, consistent with previous work
performed at an urban roadside location in Birmingham, UK,
by Harrison et al. (2004). The presence of what appear to
be soot agglomerates throughout the size spectrum raises the
possibility of fluorescent non-PBA from combustion aerosols
being detected by the WIBS3 in Manchester. Borneo ESEM
images (http://www.atmos-chem-phys-discuss.net/9/C8501/
2009/acpd-9-C8501-2009.pdf) for Gabey et al. (2010) fea-
ture a large proportion of structural units bearing little re-
semblance to the images obtained in Manchester. A more
detailed discussion of the likely nature of the Manchester
aerosol is presented in Sect. 4.
Fig. 5. The proportion of EDX spectra dominated by one or
two elements.
3.1.3 Borneo WIBS3 results
We have further examined the data collected in a tropical
rainforest in Borneo, Malaysia. This dataset is concluded by
Gabey et al. (2010) to represent an environment where NTOT
is dominated by PBA. The time series of NTOT, NNON and
fluorescent number concentrations found beneath the canopy
are printed in Fig. 6. A strong fluorescent particle diurnal
behaviour dominates NTOT, and both NF1 and NF3 peak at
1000–2000 l−1 each day through a series of regular transient
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Fig. 6. Time series of WIBS3 Borneo number concentration,
adapted from Gabey et al. (2010).
spikes that begin at 15:00 and lead to elevated concentrations
through the evening. These features are also present in NF2,
which peaks at 300–400 l−1. The similarity betweenNF1 and
NF3 occurs because the majority of particles exhibit fluores-
cence in both channels. The concentration of fluorescent
material reaches its minimum of ∼50 l−1 during the mid-
morning. In contrast, NNON remains constant or increases
so that it dominates NTOT in the same period.
The size distribution and number fraction of each Borneo
particle type is printed in Fig. 7. NTOT (Fig. 7i) is dominated
by a strong mode at 2–3 µm with a weaker mode at 1.2 µm.
The NNON size distribution (Fig. 7v) peaks at 1.2 µm, ac-
counting for 80% ofNTOT at this size. TwoNNON events ap-
pear in the time series each day: a midday peak thought to be
related to material entrained through the canopy and a mid-
afternoon peak of non-fluorescent material correlated with
the PBA concentration spikes. The former contributes NNON
sized 0.8–1.2 µm and the latter contributes NNON with DP
up to 4 µm. The NNON number fraction is also enhanced at
9 µm and the fluorescent number fraction therefore plateaus
at large DP.
The 2–3 µmNTOT mode consists mostly of fluorescent ma-
terial, withNF1 andNF3 (Fig. 7ii, iv) accounting for 60% and
80% of NTOT at this size range. Supplementary size distri-
butions of particles with fluorescence in each pair of chan-
nels are printed in Fig. S2 (Supplement). Like NF1 and NF3,
NF1 AND 3 (Fig. S2iii) is 60% at 2–3 µm, highlighting the
overlap between these two metrics. NF2 peaks at 4 µm rather
than 3 µm, probably because the measured fluorescence in-
tensity in channel F2 (IF2) is lower than both IF1 and IF3,
which has implications for the fluorescent particle detection
rate at smaller sizes. The fluorescent number fractions all in-
crease with DP, with NF1 and NF3 (and therefore NF1 AND 3)
accounting for 100% of the few particles larger than 10 µm.
3.1.4 Comparison of the size spectra between sites
The number concentration and size distribution of fluores-
cent particles in Manchester and Borneo differ significantly:
NF1 and NF3 are comparable in Borneo and primarily oc-
cupy a 2–4 µm size mode whereas in Manchester the primary
mode is at 0.8–1.2 µm and NF1 and NF3 differ by a factor of
2–3 in favour of NF3. In Borneo NF2 is around 25% of NF1
but NF2 consistently exceeds NF1 in Manchester. One sur-
prising feature in the Manchester dataset is that while all par-
ticles larger than 9 µm are fluorescent, few emit in multiple
detection channels.
Both Manchester and Borneo have a contribution of fluo-
rescent material in all three channels at DP > 1.6 µm and the
largest particle sizes are dominated by fluorescent material.
This implies a significant ambiguity in ability to ascribe flu-
orescence solely to PBA because of the likelihood that non-
PBA contribute in Manchester.
3.2 Fluorescence intensity at each site
For the purposes of this analysis, the Borneo dataset is taken
to represent a generic PBA population dominated by multi-
ple fungal spore species released shortly before detection and
therefore largely unperturbed by the environmental condi-
tions. Histograms of fluorescence intensity at each site (with
minimum thresholds subtracted) are printed in Fig. S3. Each
distribution is mono-modal in the lower 25% of the instru-
ment dynamic range, with contributions along the entire de-
tection range at both sites. IF1 peaks in the lowest intensity
interval in Manchester but exhibits a clear mode at higher in-
tensity in Borneo. IF2 and IF3 are consistent at both sites,
with each peaking close to the minimum threshold. These
similarities and the lack of features in each curve render set-
ting a range of fluorescent intensities to distinguish between
the aerosol at the two sites difficult without invoking particle
diameter or additional dimensions.
Histograms of fluorescence intensity divided by elastic
scattering intensity may produce unique results at each site
because of the differing size spectra but similar fluorescence
intensity distributions. The distributions of this quantity
in each channel (denoted by square brackets) are shown in
Fig. S4. The [IF1] and [IF3] plots are similar at each site
with overlapping full width half maxima and ranges, whilst
less overlap is present in [IF2], allowing unique ranges to
be specified. If this was adopted as a classification scheme,
however, NF1 and NF3 at the two sites could only be distin-
guished using DP, which itself is not an independent degree
of freedom because it is based on elastic scattering intensity.
The linear relationship between fluorescence intensity of
a homogeneous fluorescent population and particle cross-
sectional area was reported by Hill et al. (2001). Investi-
gating the dependence of measured fluorescence intensity on
DP offers more complete information on the homogeneity
of the aerosol population because this retains DP as a de-
gree of freedom. This approach also allows discontinuities
that might indicate different fluorescent particle species to be
visualised readily. Plots of IF1, IF2 and IF3 versus DP are
shown in Fig. 8i–iii for Borneo and Fig. 8iv–vi for Manch-
ester. With the notable exception of IF1 in Manchester, these
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Fig. 7. Borneo number size distributions (logarithmic mid-size bins) for each particle type. Solid line: median, dark shading: inter-quartile
range light shading: 10% and 90%. Dashed lines show median number fraction N /NTOT. Percentiles intersecting the x-axis represent a
zero concentration.
curves each feature a positive trend between intensity and
DP between 0.9 and 10 µm. A much narrower inter-quartile
range of IF2 and IF3 was observed in each size interval in
Borneo compared with Manchester, and a number of features
are unique to each site.
IF1 (Fig. 8i) rises steadily in the interval 0.8≤DP ≤ 4 µm
at both sites, and decreases at DP ≥ 4 µm in Manchester.
A similar initial rise in Borneo IF1 (Fig. 8iv) continues at
DP≥ 4 µm and a plateau is reached at 7 µm. The former ap-
pears to be a feature of the urban aerosol and the latter is
likely the result of saturating particles being excluded. The
reduction in Manchester IF1 is consistent with the lack of
dual-channel fluorescence from particles larger than 6 µm in
Manchester (Fig. S1) and the divergence between IF1 and IF3
at DP > 4 µm is interesting because this observation is con-
trary to those in the other channels at both sites, and demon-
strates a 10 µm particle that exhibits comparable fluorescence
intensity to a 1 µm particle despite its surface area being 100
times greater. This suggests a far smaller fluorophore con-
centration or the presence of optically absorbing material in
this particle “species”. It should be classed separately for
either reason.
The variation of IF2 (Fig. 8v) is distinct from that of IF1
and IF3 in Borneo because it features an enhancement at
0.8–1.2 µm in which 10% of particles emit fluorescence as
intense as that from 2–3 µm particles. It is likely these are
of a different type to their larger counterparts and this was
not established in Gabey et al. (2010). The upper limits of
recorded Borneo IF2 are low compared with other channels
and this may account for the relatively small NF2.
There is no Borneo IF3 enhancement at 0.9–1.2 µm corre-
sponding to that in IF2 (Fig. 8v), therefore it is either rare
amongst NF3 or dependant upon excitation wavelength. Hill
et al. (2009) note that excitation wavelengths shorter than
315 nm are required to induce fluorescence in water-borne
bacterial cells, and airborne bacteria of ∼1 µm diameter are
not uncommon according to work in various environments by
Matthias-Maser et al. Whilst this is a possible explanation for
the feature in the Borneo understorey, the fluorescence spec-
tra of bacteria frequently feature a strong Tryptophan emis-
sion, which would produce a 1.2 µm feature in theNF1 AND 2
size distribution (Fig. S2i), but this peaks at 2–4 µm and no
sub-2 µm particles of this type were detected.
The linearity between IF2 and IF3 andDP is also surprising
in light of the Hill et al. (2001) study and points to a mixture
of subtly different fluorescent particle types in each size in-
terval. A version of Fig. 8 using a linear scale is shown in
Fig. S10 to highlight this. It should also be noted that similar
inter-quartile ranges of intensity are obtained when data from
a single day is analysed, therefore the large range is not an
artefact of long datasets.
3.3 Fluorescence intensity in different pairs of channels
The relationships between IF1, IF2 and IF3 can be charac-
terised more formally than in the previous section by calcu-
lating the ratio and correlation coefficient r between single-
particle fluorescence intensities in pairs of channels. Those
particles exhibiting fluorescence in two detection channels
were selected and the ratio of intensity in both was calcu-
lated as a function ofDP. Classification based on these ratios
www.atmos-chem-phys.net/11/5491/2011/ Atmos. Chem. Phys., 11, 5491–5504, 2011
5500 A. M. Gabey et al.: The fluorescence properties of aerosol larger than 0.8 µm
Fig. 8. Fluorescence intensity (arbitrary scale) versus DP in each WIBS3 fluorescence channel in Borneo (upper panel) and Manchester
(lower panel). Solid line: median, dark shading: inter-quartile range, light shading: 10% and 90%.
rather than absolute fluorescence intensity alone removes
particle size effects and effectively compares the relative
number of fluorophores in a particle of given DP.
3.3.1 Correlations between IF1, IF2 and IF3
Scatter plots of single-particle fluorescence intensity in each
pair of channels (using 2% of particles randomly selected
across each dataset so as not to obscure plot features),
coloured by the fluorescence intensity in the other channel
are printed in Figs. S5 and S6 for Manchester and Borneo re-
spectively. These illustrate the strong correlation (r = 0.84)
and linear relationship between IF2 and IF3 in Manchester
and a weaker link between IF1 and IF2 (r = 0.21). In Bor-
neo the degree of correlation is more consistent in each pair
of channels, ranging from 0.4 between IF1 and IF3 to 0.58
between IF2 and IF3, and this reflects the broad fluorescence
spectrum of fungal spores reported by other work (e.g. Pin-
nick et al., 1998).
A reduction in the range of IF1 values with increasing IF3
(a basic proxy for DP) can also be seen in Manchester, and
this is related to the inflexion in Fig. 8iv. In summary, the
single-particle data demonstrates that the fluorescence inten-
sities in pairs of WIBS3 channels are correlated positively,
but the degree of correlation in each pairing varies between
sites. This illustrates that while both sites feature contribu-
tions ofNF1 AND 3 andNF2 AND 3 the fluorescence intensities
within these subsets do not relate to one another in the same
way under different local influences.
3.3.2 Size-resolved fluorescence ratios
Intensity ratios are presented in Fig. 9 for each possible per-
mutation of IF1, IF2 and IF3 at the two sites. This effec-
tively displays the gradients in the scatter plots discussed
previously, resolved by DP. In each case only those parti-
cles with non-zero and non-saturating fluorescence intensity
in both of the relevant channels are considered and conse-
quently the IF2/IF3 plot in Borneo is based on fewer particles
than IF1/IF3. This selection process also results in slightly
modified IF1, IF2 and/or IF3 versusDP curves for each pair of
channels used. This modification generally manifests as in-
creased median fluorescence intensity, and the relationships
between I and DP are not systematically different from the
general case (Fig. 8) except for small enhancements in IF3
and IF1 at 0.8–1.5 µm when each is paired with F2 in Bor-
neo. The Manchester IF1 inflexion at 4 µm remains present,
which leads to the remarkable observation that IF1 and IF3
diverge with increasing DP when each particle emits both
types of fluorescence. The individual I versus DP plot asso-
ciated with each ratio is printed in Fig. S7 (Manchester) and
S8 (Borneo) for completeness.
In Borneo IF1/IF2 and IF1/IF3 (Fig. 9i, ii) are essentially
invariant at DP≥ 2 µm, which is consistent with the mono-
tonic relationships in Fig. 8. This suggests one broad type
of fluorescent particle (i.e. fungal spores) dominates this size
range. The smaller modal ratios at DP < 2 µm are found in
the same size range as enhanced IF2. The change in me-
dian IF1/IF2 between these size regimes is large compared
with the inter-quartile range, indicating a second particle type
at DP < 2 µm. The fact that NF1 < NF3 at DP ≤ 2 µm in
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Fig. 9. Size-resolved fluorescence intensity and ratios using each combination of fluorescence channels in Borneo (upper panel) and Manch-
ester (lower panel).
Borneo suggests this second particle type delivers low IF1
that is not always detected. Median IF2 is less than IF3 in
Borneo across all size classes, but dIF2/dDP increases more
strongly with DP. The net result of both is a range of IF2/IF3
values spanning 1.5 orders of magnitude at DP ≤ 2 µm fol-
lowed by an upward trend in the IF2/IF3 ratio as size in-
creases (Fig. 9iii).
The Manchester IF1/IF2 and IF1/IF3 plots (Fig. 9iv, v) vary
strongly with DP and feature large inter-quartile ranges, with
the former caused by the relationship between IF1 and DP
and the latter by the wide range of fluorescent intensities
found at all sizes. In contrast, the IF2/IF3 plot (Fig. 9vi)
features almost no change with DP, reflecting the linearity
between IF2 and IF3 in Manchester. The inter-quartile range
is also small compared with the other ratios at both sites and
indicates that the F2 and F3 channels measure same fluo-
rophore, or fluorophores that scale equally with DP despite
the large range of IF2 and IF3 at all size intervals being con-
sistent with a mixture of fluorescent “species”. This is dis-
tinct from the Borneo case where the relationship is weaker
between IF2 and IF3.
Given the separation in wavebands between F1 and F3 and
the size dependence of the IF1/IF2 and IF1/IF3 curves in both
environments, it appears that the F3 channel measures fluo-
rophores that are largely independent of those detected by
F1. The relatively simple aerosol composition in Borneo
at DP ≥ 2 µm demonstrates that Tryptophan and NAD(P)H
density is the same in this size range, hence their common
scaling with DP. The consistent IF2/IF3 versus DP relation-
ship observed in Manchester compared with Borneo, and
vice-versa for IF1/IF3 and IF1/IF2 in Borneo compared with
Manchester, may be useful qualitative comparisons when
analysing fluorescence data recorded using multiple wave-
length excitation and detection.
Diagnostic data and the measured response of the WIBS3
to various calibration media over time suggest that negli-
gible drift, if any, has occurred in the fluorescence exci-
tation/detection channel calibrations and therefore the two
datasets are likely to be directly comparable. As such, the
limited overlap between the inter-quartile ranges of IF1/IF3
in Manchester and Borneo allows some degree of distinction
to be made between the sites in a way that includes the largest
number of fluorescent aerosol in Borneo. The dependence of
the various fluorescence intensity metrics on DP discussed
here would still be noteworthy even in the event of calibra-
tions having changed, but the specific values of the ratios and
fluorescence intensities would not be comparable. The rea-
son for the specific value of each ratio is not known but is
likely a product of the fluorescence quantum yield of differ-
ent fluorophores, the presence of interferents and absorbing
material, or the way in which the fluorescent material is ar-
ranged inside the aerosol particle affects extinction at UV or
visible wavelengths.
4 Further discussion
With typical values of 0–300 l−1, the urban fluorescent parti-
cle concentration is comparable to that of bacteria measured
in Birmingham, UK, in the winter by Harrison et al. (2005).
The dominance of NF3 over NF1 is not consistent with
published laboratory measurements of bacteria fluorescence,
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which suggest stronger F1 fluorescence than F3 would be
present if bacteria dominated the fluorescent aerosol. The di-
urnal concentration variation in Manchester appears partly
linked to traffic activity, which can respectively increase
airborne PBA and fluorescent non-PBA number through re-
suspension of both and primary PAH production. Ambient
measurements by Pinnick et al. (2004) using a 266 nm ex-
citation found the number fractions of fluorescent particles
corresponding to NF1 and NF2 (3≤DA ≤ 10 µm) were sim-
ilar in an urban environment, as observed here, but the ma-
jority of fluorescent aerosol appeared to be non-PBA based
on the wavelength-dispersed fluorescence spectra. As a re-
sult of these factors and the limited PBA abundance in filter
samples, neither PBA nor false-positives can be ruled out as
the dominant fluorescent aerosol component in Manchester
in this study, and measurements in remote locations may pro-
vide some insight into the urban contribution to each fluores-
cent number concentration.
The measurements using channel F3 are comparable to
UV-APS measurements performed by Huffman et al. (2010)
and Po¨schl et al. (2010) in Mainz, Germany, and Amazo-
nia, respectively. The similarity between the WIBS3 and
UV-APS fluorescent size spectra are remarkable in light of
the different particle sizing methods used. Po¨schl et al. find
a 1.5–3 µm fluorescent size mode similar to that in Borneo,
and also determine that it is dominated by PBA using SEM
images and elemental analysis. Huffman et al. detect flu-
orescent size modes at DA≤ 1 µm and at 2–4 µm, and con-
clude that 25% of the aerosol larger than 4 µm is likely to
be fluorescent biological aerosol. The Manchester NF3 size
spectrum (Fig. 4iv) contains similar size modes and a compa-
rable relationship between fluorescent number fraction and
particle size, albeit with larger values. Huffman et al. at-
tribute the smaller size mode to PAHs confined to this size
range, however the ESEM images obtained in Manchester
(Fig. S9) show that soot is readily found with characteristic
size up to 10 µm and the same assumption cannot be made
for Manchester.
A potential use for the fluorescence ratio data from Bor-
neo is as a set of upper and lower thresholds to identify sim-
ilar material in a low-PBA environment, since it captures the
broad fluorescence characteristics of fungal spores, which
are surprisingly consistent. To demonstrate this, the Manch-
ester dataset was limited to those particles with IF1/IF3 within
the inter-quartile range in each DP bin in Borneo. The F1
and F3 pairing was chosen because it captures the most fluo-
rescent particles in Borneo. The typical resulting concentra-
tion of “Borneo-like” particles in Manchester was 2–19 l−1
(10th and 90th percentiles) compared with corresponding
NF1 AND 3 of 6–71 l
−1 in Manchester. Both products contain
size modes at 0.8–1.2 µm and 2–3 µm and this result demon-
strates the “fine-tuning” of the initial analysis (concerning
the presence of fluorescence in one or more channels) that
can be achieved. The similarity of the resulting size distribu-
tion to the general Manchester case, however, illustrates the
difficulty in stating whether this represents the fungal spore
concentration within the Manchester aerosol, or whether it
is simply a consequence of the large range of fluorescence
ratios found there.
5 Summary
WIBS3 data was collected in the winter in Manchester and
below the canopy of tropical rainforest in Borneo, Malaysia.
Previous studies of urban PBA and fluorescent aerosol and
in-situ ESEM/EDX data suggest the fluorescent aerosol is
more likely to feature non-PBA in Manchester than in Bor-
neo. The two datasets are therefore taken to reflect fluores-
cent aerosol with a weak PBA influence and strong PBA in-
fluence (based on previously published work), respectively.
The concentration and size distributions of fluorescent
aerosol in each WIBS3 channel vary significantly between
Manchester and Borneo, with consistent size spectra in each
channel at a particular site. In Manchester fluorescent parti-
cles number 0–300 l−1 whereas in Borneo they number 100–
2000 l−1. Fluorescent aerosol size distributions contain pri-
mary modes at 0.8–1.2 µm in Manchester and at 3–4 µm in
Borneo.
Fluorescent aerosol in Manchester represented 11% or
less of NTOT in the WIBS3 size range (0.8–20 µm). In Bor-
neo the majority of fluorescent aerosol was sized 3–4 µm and
represented up to 66% of NTOT over the whole WIBS3 size
range. The size-resolved fluorescence intensity and ratios
of fluorescence intensity in different combinations of chan-
nels were compared, and their relationships with particle size
were found to differ between the sites in every case. The in-
tensity in fluorescence detection channels F2 and F3 were
found to vary approximately linearly with DP at both sites
rather than with D2P, and this may represent the diversity of
fluorescent sub-species found at each site that cannot be re-
solved specifically using this technique. The results obtained
in Borneo were used to constrain the Manchester dataset and
a “Borneo-like” particle concentration was derived.
6 Conclusions
This work demonstrates that the ensemble aerosol at an urban
and a tropical rainforest site can be partially distinguished
based on the size distributions of particles fluorescent at 400–
600 nm after a 350 nm excitation (channel F3), and this is
consistent with previous studies. Additional discrimination
is provided by monitoring fluorescence at 310–400 nm after
a 280 nm excitation (channel F1), which appears more selec-
tive than the 350 nm excitation at the urban site.
The PBA-dominated fluorescent size distributions in Bor-
neo peak at 2–3 µm whereas in the urban case, which is likely
to feature more fluorescent non-PBA, they contain charac-
teristic size modes at 0.8–1.2 µm with secondary features at
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2–4 µm. NF3 consistently outnumbers NF1 by a factor of 2–
3 across the urban size spectrum, both in this campaign and
subsequent measurements in Manchester, whereas in Borneo
they are comparable throughout. The magnitude of this dif-
ference is concluded to be a feature of the urban fluorescent
aerosol, each component of which peaks in concentration in
the mid-morning during elevated NNON, and may be related
to rush-hour traffic.
A DP-invariant IF2/IF3 ratio in Manchester is caused by
a linear relationship between the two fluorescence intensi-
ties, which is not the case in Borneo. The converse is true
of IF1/IF3, which are more strongly related in Borneo than in
Manchester at DP > 2 µm. This indicates consistent propor-
tions of Tryptophan and NAD(P)H in fungal spore material,
and of the unidentified fluorophores detected by the F2 and
F3 channels in urban aerosol. These features therefore dis-
tinguish the ensemble fluorescent aerosol in the two environ-
ments, but do not provide absolute discrimination. This way
of combining WIBS3 metrics retains DP as an independent
degree of freedom, simplifying its interpretation.
Size-resolved IF1/IF3 data was used to select “Borneo-
like” particles in Manchester, which resulted in a median
concentration of 10 l−1. This is around half of NF1 AND 3
in Manchester and demonstrates a complementary selection
technique to the approach used in Gabey et al. (2010) that
involves the presence of fluorescence in multiple channels
to provide a basic classification scheme, however it does not
unambiguously represent PBA.
Supplementary material related to this
article is available online at:
http://www.atmos-chem-phys.net/11/5491/2011/
acp-11-5491-2011-supplement.pdf.
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The WIBS-3 was deployed at the summit of the Puy de Dôme (1465m a.s.l.) in 
central France from June—July 2010, with the intent of measuring the 
concentrations of fluorescent particles and PBA (bacteria, fungal spores and yeast 
in this case) away from sources. The dataset represents the background 
concentration at the top of the boundary layer during the day and in the residual 
layer/free troposphere at night during an extended cloud-free period. The total 
number concentration recorded by the WIBS-3 is the smallest of any previous site 
(typically 250 l-1) yet the concentration of material fluorescent in FL2_370 is 
surprisingly high and features a diurnal cycle that peaks at night. The latter suggests 
it is likely to be transported in the residual layer and may originate in another 
region of France.  The underlying large concentration suggest a ubiquitous 
tropospheric background of fluorescent material at this location. 
This work concludes that false positives dominated the WIBS-3 readings even in a 
clean environment. Based on the size of the fluorescent aerosol and the land use in 
central France this material may be agricultural in nature. Bacteria concentration 
varied from 2 to 33 l-1 and fungal spores numbered 0.8 to 2.7 l-1. FL1_280-type 
particle concentration was around 10 l-1 throughout but could not be linked with 
PBA. 
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Abstract 
Total bacteria, fungal spore and yeast counts were compared with Light-Induced Fluorescence 
(LIF) measurements of ambient aerosol at the summit of the Puy de Dôme (pdD) mountain in 
central France (1465 m a.s.l), which represents a background elevated site.  Bacteria, fungal 
spores and yeast were enumerated by epifluorescence microscopy (EFM) and found to number 
2 to 33 l-1 and 0.8 to 2.7 l-1 (respectively). Bacteria counts on two successive nights were an 
order of magnitude larger than in the intervening day.  
A Wide Issue Bioaerosol Spectrometer, version 3 (WIBS-3) was used to perform LIF 
measurements on ambient aerosol sized 0.8 to 20 µm. Mean total number concentration was 
270 l-1 (σ = 66 l-1) found predominantly in a size mode at 2 µm for most of the campaign. Total 
concentration (fluorescent + non-fluorescent aerosol) peaked at 500 l-1 with a size mode at 1 µm 
because of a change in air mass origin lasting around 48 hours.  The WIBS-3 features two 
excitation and fluorescence detection wavelengths corresponding to different biological 
molecules. The mean fluorescent particle concentration after short-wave (280 nm; Tryptophan) 
excitation was 12 l-1 (σ = 6 l-1), and did not vary much through the campaign. In contrast the 
mean concentration of particles fluorescent after long-wave (370 nm; NADH) excitation was 95 
l-1
 
(σ = 25 l-1), and a nightly rise and subsequent fall of up to 100 l-1 formed a strong diurnal 
cycle in the latter. The fluorescent populations exhibited size modes at 3 µm and 2 to 3 µm 
respectively.   
Organic mass spectra recorded using an Aerosol Mass Spectrometer (AMS; Aerodyne Inc.) 
suggest that aerosol reaching the site at night was more aged than that during the day, indicative 
of sampling the residual layer at night. Supplementary meteorological data and previous work 
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also show that pdD lies in the residual layer/free troposphere at night, and this is thought to 
cause the observed diurnal cycles in organic-type and fluorescent aerosol particles. 
Based on the observed disparity between bacteria and fluorescent particle concentrations, 
fluorescent non-PBA is likely to be important in the WIBS-3 data. The surprisingly high 
fluorescent particle concentration in the residual layer/free troposphere raises questions about a 
ubiquitous background in continental air during the summer. 
Keywords: Bacteria; bioaerosol; fluorescence; altitude; background; spores 
1. Introduction 
Primary biological aerosol (PBA), the component of ambient aerosol that includes bacteria, 
fungal spores, pollen and animal and plant fragments, is poorly quantified in the outdoor 
atmosphere.  The reasons for this include the significant resources needed to collect and analyse 
samples, and also because PBA counting techniques are difficult to reproduce, leading to large 
uncertainties.   
Harrison et al. (2005) monitored year-round total bacteria concentrations at a coastal site in the 
UK, which was taken to represent a background concentration.  Seasonal averages ranged from 
2.8 to 13.9 l-1 (winter and autumn respectively). They note the range of biological species was 
diverse and terrestrial in origin. Bauer et al. (2002) and Matthias-Maser (2000) conducted 
winter PBA surveys at high-altitude sites in the Austrian and Swiss alps respectively. Both 
found typical bacteria concentrations of 10-50 l-1. Bauer et al. also report mean fungal spore 
concentrations of 0.8 l-1. Since both sites were out of cloud and surrounded by snow-covered 
land when the samples were taken, the authors conclude the results are representative of the 
background PBA in Europe.  
The use of aerosol spectrometers featuring light-induced fluorescence (LIF) and often ultra-
violet light induced fluorescence (UV-LIF) for this purpose has been investigated in urban, 
suburban and desert environments in the USA by Pan et al. (2007), in tropical rainforest (Gabey 
et al., 2010; Huffman et al. 2011, in prep), Manchester, UK (Gabey et al., 2011) and Mainz, 
Germany (Huffman et al., 2010). Whilst false-positives arise from aromatic hydrocarbons found 
in combustion aerosol and humic-like substances (HULIS) in some soil dusts, the merits of the 
technique are clear where PBA dominates the aerosol larger than ~1 µm. Measuring additional 
particle properties such as size and morphology can also help ameliorate this problem by 
providing extra dimensions in which to distinguish different fluorescent particle types.  Since 
previous studies were performed near source regions and close to sea level, an unreported aspect 
of ambient fluorescent aerosol is how strongly it contributes to the background aerosol. 
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Information about the fluorescent aerosol at an elevated site can shed some light on the relative 
source strength at other locations by considering the possible levels of particle transport. 
UV-LIF offers the possibility of near-instantaneous discrimination between PBA and other 
aerosol particles without the need for staining or incubation of the sample. It relies on 
intrinsically fluorescent molecules found in most living material including the amino acids 
Tryptophan and Tyrosine (λexcitation ~200 to 300 nm), flavins, and co-enzymes such as NAD(P)H 
(λexcitation ~300 to 400 nm) and Chlorophyll (λexcitation ~400 to 500 nm). When present in a particle 
these compounds represent a few percent of the dry mass but dominate the fluorescence. It is, 
however, also susceptible to false positives from combustion aerosols and particles such as soil 
dust that contain humic-like substances (HULIS). These substances feature similar excitation 
and emission wavelengths to PBA (e.g. Pan et al., 2007; Merola et al., 2001). 
No studies directly comparing microscopic and UV-LIF measurements of ambient aerosol 
appear in the literature, however such measurements have been performed separately in Mainz, 
Germany.  Huffman et al.  (2010) measured ambient particle fluorescence using an ultraviolet 
aerodynamic particle sizer (UV-APS; TSI Inc.), which operates at NAD(P)H wavelengths.  
They attributed a fluorescent ~3 µm aerodynamic size mode to PBA, the occasional appearance 
of modes at larger sizes to pollen and spore release and a sub-micron mode to interferents from 
combustion aerosol. Median fluorescent number concentration in the 3µm mode was 16 l-1 and 
the fluorescent number fraction was 30 to 40% at DA > 3 µm.  Matthias-Maser and Jaenicke 
(1995) report results of microscopically enumerated PBA particles downwind of Mainz. PBA 
(mainly bacteria) accounted for approximately 50 l-1 (5 to 20%) at D > 3 µm.  This result is 
reasonably consistent with other cities. Bacteria concentrations in Birmingham, UK, and in 
Vienna, Austria, were found to be typically ~10 l-1 (Harrison et al., 2005; Bauer et al., 2008), 
however many more bacteria are found at smaller sizes in Mainz.  The purpose of this study is 
to evaluate how the background fluorescent particle concentration matches bacteria and fungal 
spore counts, in order to determine background concentrations before a major source (such as a 
city) is introduced. 
2. Materials and Methods 
2.1 Site description  
Measurements were performed at the summit of Puy de Dôme (pdD), in the Auvergne region of 
Central France (45° 26’ 20” N, 2° 57’ 57” E, 1465m a.s.l.), 16 km west of Clermont-Ferrand.  
Measurements were performed during an unbroken out-of-cloud period that lasted from 22 June 
to 3 July 2010. Sunrise and sunset at the site were 06:00 and 21:40 (UTC+2) respectively. The 
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site lies in the residual layer/free troposphere at night and is typically found in the boundary 
layer for 5 to 6 hours from 10:00 LT in the summer (Venzac et al., 2009).  
Vehicle activity at the summit was limited to authorised traffic accessing the measurement site 
or military installation bordering its northern edge. Occasional charcoal burning and diesel 
generator tests were conducted in the vicinity. These events led to spikes in CPC, MAAP and 
gas-phase measurements being recorded at the site but these could easily be excluded from the 
data set and do not appear in data concerning particles larger than ~1 µm.   
Aside from these events the site is consistent with a rural background, with median 
concentrations of NOX (NO + NO2) = 0.291 ppb, SO2 = 1.7 ppb and O3 = 50 ppb for the entire 
measurement period.  Ultrafine aerosol concentration (D > 10 nm), monitored by a 
Condensation Particle Counter (TSI Inc, Model 3010), was typically 1,000 to 4,000 cm-3 during 
the campaign, which is typical of the site in the summer (Venzac et al., 2009).  Ambient 
temperature (T) rose steadily from daily minima of 4.5˚C on June 22 to peaks of ~17˚C by June 
28, with a range of 5 to 8˚C each day.  Relative humidity (RH) ranged from 65 to 85%, highest 
when the temperature was coolest.  This RH cycle broke down because of a moist air mass 
influencing the site on June 29 and 30, when RH was typically 80 to 90% throughout. 
Hourly air mass back-trajectories of 72 hour length ending at pdD were calculated using the 
HYSPLIT trajectory model.  The period from June 22 to 29 is dominated by E/NE air masses, 
June 29 to 30 features a transition to a northerly air mass and July 1 to 2 is characterised by 
trajectories passing over the NW of France.  Marinoni et al. (2004) report that easterly air 
masses arriving at pdD are anthropogenically influenced continental air, north-westerly air 
masses are continental/marine background and northerly air masses are anthropogenically 
influenced by urban areas in the north of France. 
2.2  Inlet configuration 
Instruments sampled downstream of a Whole Air Inlet (WAI; Sellegri et al., 2003), which 
samples at approximately 100 l min-1 and is maintained at 25°C internally. Logistical constraints 
meant that the WIBS-3 was connected to two different WAIs: one on a nearby structure for the 
first 48 hours of the campaign, and one on the facility rooftop for the remainder.  A 13-stage 
low-pressure cascade impactor (ELPI) sampled from the first WAI at 30 l min-1 from June 
25 to 28 (NE air masses). A 2-hour comparison between rooftop and WAI air for the latter 
installation was conducted using one aerodynamic particle sizer (TSI Inc, APS model 3321). 
This consisted of four 30-minute measurements alternating between positions and showed that 
inlet efficiency was approximately 1 for the aerodynamic size range 0.9 < DA < 10 µm, although 
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this is more uncertain at larger sizes because of the duration of the intercomparison. The APS 
ran alongside the WIBS-3 for the rest of the campaign. 
2.3 Epifluorescence microscopy 
Black Millipore® filters (GTBP filter, porosity 0.22 µm, diameter 25 mm) were placed on the 
first five ELPI stages, which have cut-off diameters (D50%) at 9.9, 6.8, 4.4, 2.5 and 1.6 µm 
(Sellegri et al., 2003).  The samples were refrigerated at 5°C before enumeration, which took 
place within one week of sample collection. Before enumeration each filter was stained using 
100 µl of 4’,6-Diamino-2-phenylindol (DAPI; Porter and Feig, 1980) solution (25 µg ml-1) and 
placed in darkness at 20°C for 20 min. After this fixing process, filters were rinsed with 20 ml 
of sterile filtered ultrapure water (0.22 µm porosity) using vacuum filtration,  mounted on 
microscope slides and observed under EFM (λexcitation = 365 nm, λemission = 420 nm).   
 At least 30 fields of view per filter (×1000 magnification) were used to count bacteria 
and at least 20 fields (×400 magnification) for yeasts, fungal spores, pollen and plant debris.  
The estimated counting uncertainty based on these parameters is 25% for bacteria and 20% for 
spores and yeasts. EFM is also subject to uncertainties from recognition errors and non-specific 
staining (e.g Eduard and Heederik, 1998; Eduard et al., 2001). 
 Four size-segregated filter samples were obtained at the times set out in Table 1.  
Concentrations were estimated by calculating the volume of air that passed through the 
observed area of each filter and dividing the total number of bacteria by this number. 
2.4 WIBS-3 bioaerosol spectrometer 
2.4.1 Instrument description 
The WIBS-3 is a single particle fluorescence spectrometer (Gabey et al., 2010; Foot et al., 2008; 
Kaye et al. 2005). It excites and detects fluorescence in particles sized 0.8 to 20 µm at 
wavelengths dominated by two molecules common in biological material: the amino acid 
Tryptophan and the co-enzyme NADH. Other amino acids and flavins are also exhibit weaker 
fluorescent at these wavelengths (e.g. Lakowicz, 2006). Tryptophan fluorescence is induced 
using a UV pulse centred at 280 nm and fluorescence intensity is recorded at 310 to 400nm. 
NADH fluorescence is induced by an excitation centred at 370 nm and recorded at 400 to 600 
nm. The 400 to 600 nm detection band is also used during the 280 nm excitation, but laboratory 
tests involving several PBA types show that fluorescence here is usually associated with NADH 
fluorescence rather than Tryptophan (unpublished work). For simplicity, the variables NTRY and 
NNADH refer to the concentration of fluorescent particles associated with the first two channels 
described here, but it should be noted that fluorescence from other biological and non-biological 
molecules can also contribute to these totals. 
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The intensity of forward and side-scattered light are also recorded when each particle 
passes through a 632 nm continuous wave diode laser beam.  These values are compared to a 
lookup table generated by a Mie scattering model calibrated using polystyrene latex 
microspheres (Polyscience Inc.) to provide an estimate of particle optical equivalent diameter 
(DP). The forward-scattering detector is split into 4 quadrants that separately record intensity, 
quantifying the asymmetry factor (AF) of the scattering pattern.  The morphology of a particle 
affects this pattern (Aptowicz et al., 2006) and AF in turn provides rudimentary information 
about the relative shape of each particle in an aerosol population. Intercomparison between 
WIBS-3 and an aerodynamic particle sizer (TSI Inc, Model 3321) at pdD showed that NWIBS(DP 
> 1 µm) ≈ NAPS(DA > 2µm) with r = 0.77. 
2.4.2  WIBS-3 data quality control 
The fluorescence detection protocol used is similar to that discussed in Gabey et al. 
(2010), although the internal fluorescence of the instrument is now measured automatically 
every 3 hours to ensure that a change in the baseline does not affect the results. This 
thresholding procedure allows 0.1% of non-fluorescent particles to be misclassified as 
fluorescent. Particles that do not exceed the threshold in any of the three channels are classified 
as non-fluorescent. Instrument calibration and optical alignment of the fluorescence components 
were verified at the beginning of the experiment using 1 µm and 2.1 µm blue-fluorescent and 
non-fluorescent PSL microspheres (Duke Scientific, Inc).  The WIBS-3 inlet flow rate was 
periodically verified to be 2.38 l min-1 ± 5% using a mass flow meter and an averaging time of 
15 minutes was employed when deriving number concentrations. This is longer than that used 
previously in tropical rainforest because of the lower particle concentration at pdD. 
2.5 Aerosol Mass Spectrometer 
The chemical composition and mass concentration of the non-refractory submicron particulate 
matter (NR-PM1) was measured with an Aerodyne time-of-flight mass spectrometer (AMS) 
(DeCarlo et al., 2006; Canagaratna et al., 2007). In order to extract chemically resolved mass 
concentrations of individual species, the AMS raw data are evaluated with standard assumptions 
as described by Allan et al., (2004). The resolved mass concentrations included ammonium, 
sulphate, nitrate, organic, and chloride species. The aerosol was not dried before being sampled 
and the instrument operated behind an interstitial inlet designed to transmit only non-activated 
particles when the site was in cloud. 
A collection efficiency (CE) was applied to AMS mass spectra data in order to calculate mass 
concentrations. This is defined as the fraction of the particle mass that is measured by the AMS, 
relative to what would be measured if all particles were spherical and particle bounce from the 
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target heater was negligible. The aerosol composition was dominated by organics and SO4 and 
the aerosol was always neutralised so a CE of 0.5 is suitable at this site. This was assessed by 
comparing the total volume of black carbon and AMS-measured aerosol with that sampled by a 
scanning mobility particle sizer (SMPS). De-convolution of the organic signal from the AMS 
was carried out using positive matrix factorisation (PMF).  
3. Results 
3.1 Epifluorescence microscopy results 
Out of the four cascade impactor runs, one was performed during 24 hours (sample A), two 
were sampled exclusively during night-time (samples B and D) and one was sampled during 
daytime (sample C). For each sample, the first five impaction stages were analysed but 
biological material was detected exclusively on the two uppermost stages (D50% = 6.8 µm) in 
samples A—C, and the three uppermost stages (D50% = 4.4 µm) in sample D.  Counts were 
dominated by microorganisms found on the first (D50% = 9.9 µm) stage in all cases, with 2—
36% of this number found on the second stage. 
The concentrations of fungal spores and yeasts are laid out for each sample in Table 1. The 
spore/yeast concentration ranges from 0.8 to 2.7 l-1 over the four samples, and the bacteria from 
3.4 and 2.2 l-1 in samples A and C to 33 and 22 l-1 in samples B and D.  This indicates a strong 
night-time increase in bacteria concentration at pdD, however the mean bacteria concentration 
in sample A (24 hour duration) does not suggest such an increase took place on the evening of 
June 25 to 26.  
Whilst quantitative size information is not available from the filter data, the bacteria collected 
were observed during analysis to resemble bacilli with fluorescent dimensions 0.5 to 2 µm. A 
smaller number of the bacteria collected were 2 to 5 µm in size.  Elliptical fungi and yeasts were 
typically ~10 to 30 µm in size and mainly found on the first (D50% = 9.9 µm) stage. 
3.2 WIBS Results 
Total, non-fluorescent and fluorescent particle concentrations obtained using the WIBS-3 are 
plotted in Figure 1 (i to iv). Total WIBS-3-recorded number (NTOT) ranges from 200 to 400 l-1 
through the campaign, with its variation primarily governed by non-fluorescent (NNON) particles 
and those with NADH-like fluorescence (NNADH) at different times of day.  NNON is typically 
100 to 300 l-1 and NNADH is 40 to 150 l-1, with strong enhancements on some evenings. For 
clarity, “enhanced” NNADH periods are defined as 2300 to 0600 LT, June 22 to 28 and the 
intervening “non-enhanced” times are 1000 to 2000 LT, June 22 to 27. Particles with 
Tryptophan-like fluorescence (NTRY) are much less abundant, numbering 8 to 20 l-1.  NNADH, and 
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NTRY to a lesser degree, increases steadily through the campaign, and NNADH usually increases 
after dark before reducing again by sunrise. Particles exhibiting both types of fluorescence 
(NBOTH) are strongly correlated to NTRY and represent around 75% of NTRY.   
The data can be split into three periods based on modelled air mass origin. Table 2 lists the 
correlation coefficients between different components of NTOT during these periods.  Median 
aerosol particle size distributions (dN/dlogDP) of each component are plotted in Figure 
2 (i to iii) in order to compare periods of NNADH enhancement and different air mass influences.  
Over the entire campaign the primary NTOT size mode (Figure 2i) is at 2 µm. Non-fluorescent 
and fluorescent particles contribute at this size, with the NNON size distribution bimodal at 
1 and 2 µm, dominating the NTOT mode at 1 µm.  Median NNADH distributions (Figure 2ii) for 
the campaign peak at 2 to 3 µm, dominating NTOT here.   The NTRY size spectra (Figure 2iii) 
consistently peak at 2 to 3 µm regardless of the NNADH enhancements. 
June 22 to 29 
The first week of measurements was associated with air masses arriving from the NE of France. 
NTOT ranges from 200 to 400 l-1 in a diurnal cycle that peaks close to midday (local time) and is 
driven by NNON from 22 to 25 June. After June 25 NTOT peaks at local midnight, with this feature 
caused by a daily rise in NNADH of 50 to 100 l-1 that offsets the nocturnal fall in NNON.  The 
reverse happens in the daytime so that NTOT is maintained at a consistent level throughout the 
week.  NNADH is anti-correlated with NNON overall during the first week, with a weak positive 
correlation in the daytime and strong negative correlation at night (Table 2).   NNADH rises 
steadily from 10 l-1 on June 22 (following several days of cloud and rain) to ~100 l-1 on June 29.  
 NTRY remains at 10 to 20 l-1 throughout the first week, with slight decreases at night 
causing a negative correlation with NNADH. Both NTRY and non-enhanced NNADH are consistent 
day-to-day, with small increases in number in the afternoon.  The enhancements in NNADH 
become clearer when the ratio NNADH/NTOT is calculated (Figure 1v), illustrating that the smaller 
increases in NNADH from June 26 to 29 still represent a large change in number fraction because 
of the reductions in NNON at night. 
 Comparing the modal NNADH size distributions during and between enhancements 
(Figure 2ii) reveals a rise in the number of 1.5 to 2 µm fluorescent particles during 
enhancements, compared with the 2 to 3 µm particles that dominate at intervening times. 
Median NTRY is lower during NNADH enhancements and higher during non-enhanced NNADH, 
which reflects the negative correlation between the two particle types from June 22 to 29. 
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29 June to 1 July 
A change to northerly air masses that pass close to urban and industrial regions initially sees 
NTOT, NNADH and NNON fall before NNON increases to its campaign maximum of 300 l-1.  After the 
initial reduction in number, NNADH recovers to its previous value of 100 l-1 but unlike NNON it 
does not continue to climb, leading to a suppressed NNADH/NNON fraction and a weaker diurnal 
feature on the evening of June 30 than previously.  In this NNON-dominated regime NTOT, NNADH 
and NTRY correlate positively with one another (Table 2) because of the common periods of 
reduction and recovery. NTOT and NNON rise strongly at 1 µm (Figure 2i) in this period but the 
2 µm fluorescent mode remains comparable in strength to when NE air masses arrived at the 
site. In line with its consistent number concentration dNTRY/dlogDP does not exhibit new features 
through the campaign.   
1 to 2 July 
As NW air masses reach the site, NNON returns to 100 to 200 l-1, NNADH is typically 100 l-1, and 
the size distributions more closely resemble those observed during the NE influence than during 
the northerly influence. Strong increases in NNADH at night are not observed, but reductions in 
NNON at these times still causes the NNADH number fraction to increase to ~50% on the evening of 
July 1 to 2, but both remain steady the following evening and no enhancement takes place. NTRY 
reaches its campaign maximum of 30 l-1 (10% of NTOT) at 04:00 on July 2 before returning to 
10 l-1 at the end of measurements.  The time series of NTRY, NNADH and NNON each have some 
common features in this period and as a result they are mutually positively correlated. 
AF Measurements 
Asymmetry factor distributions (dN/dlogAF) are plotted in Figure 3 for different NTOT 
components from June 22 to 29.  This period was selected because the northerly air mass 
introduces a broad, mono-modal AF distribution that obscures this bimodality. Figure 3(i) 
shows NTOT peaks primarily at AF=11, and is broadened by fluorescent material with larger AF.  
NNADH features a primary mode at AF=11 during enhancements, and a secondary mode at AF=20 
with a broader distribution.  Between enhancements (Figure 3i) the low-AF mode vanishes and 
NNADH is mono-modal at AF=20. The NNON distribution peaks at AF=11 regardless of NNADH 
enhancements, and like NNADH it also has a contribution from higher-AF particles. Median AF 
distributions of NTOT, NNADH and NTRY for June 22 to 29 are printed in Figure 3(ii). The NTRY 
mode is consistently found at AF=20, with a small feature at AF=11 that is likely to arise from 
the small proportion of non-fluorescent particles that are misclassified as fluorescent.  
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The contribution of high-AF and low-AF particles to NNADH and NNON can be estimated by fitting 
a bimodal Gaussian curve to the median distributions and calculating the area under each, 
although the small number concentration makes it difficult to resolve these features temporally. 
NNADH splits almost evenly between the two modes, while 30% and 70% of NNON is high-AF and 
low-AF, respectively.  A total of six particle types are therefore distinguishable in the WIBS-3 
data, based on which channels detect fluorescence and the relative strength of the AF mode.  
3.3 APS number concentration 
Median aerosol particle size distributions from the APS are plotted in Figure 4 during periods of 
enhanced and non-enhanced NNADH. The distribution from an afternoon in Manchester, UK (4 
June 2010, 1045 to 1300 LT) is also included to illustrate that number concentrations are 
smaller at pdD than in an urban location.   Median NAPS at 0.72 ≤ DA ≤ 0.78 µm outside of NNADH 
enhancements is 20% smaller than during enhancements, however these differences are unlikely 
to affect the WIBS-3 counts because NTOT most closely matches NAPS(DA ≥ 2 µm), with a large 
difference at smaller sizes. 
Mean NAPS(D ≥ 2µm) corresponding to the filter sampling times are printed alongside the other 
results in Table 1 (mean is used rather than median to match the cell count calculations). Like 
NTOT it declines progressively with each successive filter.  APSN  (DA ≥ 2 µm) is larger during 
filter C than during filter D and comparable during samples B and C.  APSN  (0.54 ≤ DA ≤ 2µm) 
also reduces in all size bins as the filter samples progress, indicating the underlying downward 
trend in aerosol concentration at this time. 
4. Discussion  
4.1 Possible influences on the aerosol at pdD 
Given the consistent underlying trend of NNADH throughout the campaign, it is thought that it is 
independent of air mass origin.  Urban WIBS-3 measurements (Manchester, UK) exhibit a 
strong fluorescent primary size mode at 1 µm (Gabey et al., 2011; Fig 5i) whereas at pdD the 
primary NNADH mode is at 2 to 3µm, with a 1 µm NNON mode when Paris lies upwind, illustrating 
the lack of urban influence at pdD. The lack of sub-2 µm material in the size distributions is a 
combination of the clean environment at pdD and limited WIBS-3 sensitivity at smaller sizes.   
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The night-time NNADH are associated with the residual layer and appear the most strongly during 
north-easterly air mass origins, which strongly suggests this material is transported aloft. 
An Aerosol Mass Spectrometer (Aerodyne, Inc) was operated at pdD from June 18 to 28. A full 
description of the chemical composition measured by the AMS is described in Freney et al. (in 
prep) however a brief summary is supplied here. Organic, sulphate, nitrate, ammonia, and BC 
contributed 52%, 21%, 10%, 12% and 5% (respectively) to the submicron non refractory mass. 
The size distributions of all particles arriving at pdD indicate aged aerosol, with a major 
accumulation mode peak at DA = 600 nm, and are characteristic of a background elevated site 
influenced by long-range transport. NH4 shows a strong correlation with SO4 (r=0.87), and a 
weaker correlation with NO3 (r=0.53). The NO3 mass concentrations are larger at night than in 
the day, which indicates NH4NO3 formation that is likely related to increased gas-to-particle 
partitioning of ammonium nitrate favoured by the lower temperatures and higher relative 
humidity at night (e.g. Seinfeld and Pandis, 1998). The diurnal variation of the NH4 species 
remains relatively flat while organic aerosol mass increases during the day time hours.  
The equivalent potential temperatures were calculated according to the Bolton’s approximation 
(Bolton, 1980) at pdD and at a lower altitude in Cézeaux (451 m a.s.l.) are well-correlated 
(r = 0.955) but differ by 10.24 ± 3.09 K during the campaign. This offset exceeds the 4.7 K 
uncertainty on the measurements and provides evidence that the two sites are in different, 
although connected, air masses (J. Boulon, personal communication). This situation can occur if 
the daytime boundary layer influences the nocturnal residual layer.  This is reinforced by the 
low wind speeds at the summit (typically 2 to 5 ms-1) making flow around the mountain more 
likely than over it (the derived Froude number ranged from 0.1 to 0.3). 
4.2 EFM, fluorescent and total aerosol concentrations 
The EFM results compare favourably with those obtained at remote locations by Harrison et al. 
(2005),  Bauer et al. (2002) and Matthias-Maser (2000) described earlier. Each of these previous 
studies reported total PBA concentration 1 to 50 l-1. They are also qualitatively consistent with 
these works, with bacteria dominating this number and fungal spores/yeasts contributing only a 
small fraction in each case and at pdD. 
The majority of bacteria were found on the first impactor stage (D50% = 9.9 µm) but were 
observed to be 0.5 to 2 µm in size under EFM.  Two hypotheses could account for the size 
discrepancy: The bacteria could be present in airborne clusters or on larger particles that break 
apart on impact. which is not uncommon (e.g. Lighthart, 1997). Alternatively the individual 
bacteria could have aerodynamic properties of larger particles.  This would require very high 
density as the elongated shape of bacteria alone cannot account for the discrepancy. 
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Comparing the EFM and WIBS-3 data (Table 1), the mean NNADH and bacteria count are both 
largest during filter samples B and D and both smallest during filter C, which suggests total 
bacteria concentration may follow a diurnal cycle that peaks at night, while spore/yeast 
concentration is essentially unchanged throughout the day. The absolute change in NNADH and 
bacteria count between sample C and samples B and D are quite consistent: bacteria 
concentration changes by 20 to 30 l-1 (an order-of-magnitude larger than sample C), and NNADH 
changes by 16 to 24 l-1 (a ~20% increase c.f. sample C).  Mean NTRY is also calculated for each 
filter in Table 1 but varies independently of bacteria count and NNADH. 
Filter set A (a 24-hour integration) does not support a link between measured bacteria 
concentration and observed NNADH increase at pdD because it was sampled during one of the 
largest NNADH rises of the campaign, which is not corroborated by the bacteria count at this time 
(3.4 l-1). If all the bacteria in sample A were collected during the 6 hours of NNADH enhancement 
on June 25 to 26, the mean bacteria concentration at this time would be 14 l-1, still considerably 
less than that obtained during filter C.  It is therefore possible that the common nocturnal 
increases in bacteria and NNADH are in fact a coincidence.  Most of the bacteria appear to have 
impaction properties of particles larger than 10 µm, so the possibility that they leave the air 
stream before reaching the WIBS-3 sensing volume must also be considered.  The total PBA 
counts were 4 to 33% of the corresponding NNADH, indicating the degree of over-estimate if 
NNADH contains a bacterial component. 
The APS reports number concentrations of 2 to 3.4 l-1 at DA ≥ 6.26 µm throughout the filter 
samples, and NAPS between 0.54 and 2 µm decreases during filter measurements. Non-bacterial 
aerosols (e.g. mineral dust or sea salt) are likely to dominate NAPS at 0.5 to 2 µm, but at larger 
sizes NAPS is small enough that a 20 to 30 l-1 increase in aerodynamically large bacteria would 
be clear.  To reach 20 l-1 NAPS must include all particles larger 3.79 µm, but this subset does not 
exhibit a strong change in concentration during filter samples B or D. 
4.3 The nature of the NNADH diurnal cycle 
The increases in NNADH fraction appear to be a real feature of the aerosol rather than an 
instrument artefact since they do not occur as distinctly when northern France (including Paris) 
lies upwind, and no underlying cycle in the baseline fluorescence of the instrument is seen. The 
size of the night-time increases in NNADH and bacteria count are comparable on the two evenings 
for which there is data from both techniques, but if absolute NNADH is compared directly with 
bacteria concentration it would represent a large departure from the daytime EFM 
measurements obtained here and previously published studies in most environments.  
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Strong Tryptophan and weaker NADH peaks are frequently seen in bacteria fluorescence 
spectra (e.g. Hill et al., 2009), and NTRY would likely be larger if bacteria dominated the 
fluorescent aerosol. The relationship between NNADH and NTRY is also inconsistent with previous 
PBA measurements using the WIBS-3, both published and unpublished, where positive 
correlation was observed even when NNADH and NTRY differed significantly. Whilst fluorescence 
alone cannot categorically prove or disprove PBA status, these results do not support a 
conclusion that the NNADH increases at pdD are bacteria or fungal spores. Pollen is also unlikely 
to be found in such concentrations.  Based on the lack of systematic agreement between NNADH 
and bacteria counts, the WIBS-3 dataset appears to offer an insight into the fluorescence of non-
urban aerosol that is also not bacteria, fungal spores or pollen – the most numerous PBA types. 
It could include particles such as soil dust, partially decomposed biological material or possibly 
plant debris from intensive agricultural processes. 
PMF analysis of organic mass spectra measured by the AMS resolved two different types of 
organic compound. One represented a low volatility oxidised organic aerosol (LVOOA) and the 
other a semi-volatile oxidised organic aerosol particle (SVOOA).  The LVOOA is similar to 
oxidised organic aerosol measured in previous experiments (Ulbrich et al., 2009; Lanz et al., 
2010; Slowik et al., 2010). This is mostly associated with aged organic particles having a 
dominant peak at m/z 44. The time series of LVOOA showed the strongest correlations with O3 
(r2=0.74), SO42- (r2=0.41) and temperature (r2=0.83) as well as with CO and BC (0.67 and 0.65 
respectively). SVOOA contributed 25% to the overall organic mass and its mass spectrum most 
closely resembled the published mass spectra of OOA2 (74%; Ulbrich et al., 2009) and pinene 
(94%; Bahreini et al.,  2005). The mass concentrations of both organic components show a 
strong diurnal variation with maximum concentrations during the day and minima at night, but 
the fractal contribution of each species reveals a much higher contribution of LVOOA than 
SVOOA at night. This suggests that the organic aerosol is more aged at night than during the 
daytime and is further evidence that the residual layer/free troposphere was sampled at night. 
Together the AMS and WIBS-3 data indicate that material with fluorescence similar to NADH 
is most abundant in the residual aerosol layer from June 22 to 28. The nocturnal NNADH 
enhancements become less distinct after June 28, when daytime NNADH reaches a plateau 
following its gradual increase.  After June 28 NNADH is quite consistent with one exception 
during the initial stages of the northerly influence. It then returns to its previous value for the 
remainder of the campaign despite different air mass origins. The NNADH enhancements 
therefore appear to be associated with north-easterly air masses. The underlying increase in 
NNADH is slower than that of NNON at the start of the campaign, suggesting NNADH is also not 
produced in the vicinity of pdD. 
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4.4 WIBS comparison with previous work 
Figure 5 compares the data from pdD (Column 3) with that featured in Gabey et al. (2011) from 
an urban area (Manchester, UK) (Fig 5, Column 1) where fluorescent particles are likely to be 
dominated by fluorescent non-PBA, and within a tropical rainforest (Borneo) (Fig 5, Column 2) 
dominated by fungal spore emissions (Gabey et al., 2010).  In Manchester, a primary mode at 
1 µm dominates the fluorescent and non-fluorescent number concentration.  At 100 to 200 l-1, 
NNADH at DP ≥ 1.5 µm is comparable at Manchester and PDD, despite the fact that NTOT and NAPS 
are typically larger in Manchester than pdD in this size range.   
With a 2 to 3 µm mode, the pdD NNADH size spectrum resembles Borneo more than Manchester. 
This is where the similarity ends, because NNADH ≈ NTRY in Borneo whereas NNADH ≈ 10NTRY at 
pdD and NNADH ≈ 3NTRY in Manchester. NNADH and NTRY in Manchester and Borneo are usually 
correlated positively however they are regularly anti-correlated at pdD, suggesting a different 
type of fluorescent aerosol dominates.   
5. Conclusions 
Increased NNADH and aged organic aerosol in the residual layer suggest that a surprisingly large 
concentration of fluorescent aerosol sized 2 to 3 µm is transported aloft in air masses associated 
with NE France. The relatively slow increase in underlying NNADH and its independence from air 
mass origin indicate a ubiquitous background. Since the campaign was held in summer 2010 
there may be a seasonal agricultural contribution. 
Bacteria concentrations at pdD were 2 to 33 l-1 and fungal spore/yeast concentrations ranged 
from 0.8 to 2.7 l-1, comparable to previous measurements at high-altitude and remote sites. 
Despite initial agreement with WIBS-3 data in one of the fluorescence channels, it appears the 
WIBS-3 was predominantly measuring non-PBA.  NTRY averaged 12 l-1 (less than 10% of 
NNADH) and did not exhibit the same diurnal variations as NNADH or bacteria count. This is not 
surprising given bacteria were measured on the first (D50% = 9.9 µm) and second 
(D50% = 6.8µm) impactor stages whereas the NTRY modal size was 3 µm.  There is insufficient 
information to determine whether this channel is more or less likely to be PBA. 
Two sub-populations of NNADH can be distinguished based on the WIBS-3 AF (morphology) 
channel based on the elastically scattered intensity distribution. Low-AF material is seen during 
enhancements and high-AF during the day. The NNADH size mode is slightly smaller at night, 
indicating the fraction of NNADH found in the residual layer has different properties to that 
observed in the daytime. 
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Since an urban influence is not detected, this dataset is a good example of the fluorescent 
background aerosol found at the top of the boundary layer and in the residual layer in 
continental locations. The abundance and optical equivalent diameter of this material is 
surprisingly large and is comparable to the total concentration in the size range 0.8 ≤ 
DP ≤ 20 µm.  Data from other seasons is not available, and this may be a summer phenomenon. 
To our knowledge, no other studies concerning fluorescent aerosol at altitude exist in the 
published literature, and the additional fluorescent concentration found in the residual layer/free 
troposphere is surprisingly large (up to 100 l-1 in excess of that found during the daytime).  This 
may offer a partial explanation of why NNADH is greater than NTRY in previous WIBS-3 
measurement campaigns. 
Keywords: Fluorescence, LIF, Bioaerosol, Bacteria, Epifluorescence 
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Figures 
 
Figure 1 (i to iv) WIBS-3 number concentrations of fluorescence and non-fluorescent 
particle types (v) number fraction of NNADH time series.  Grey boxes denote when ELPI 
samples were running and white boxes show modelled air mass origin. 
 
Figure 2 Median number size distributions for different WIBS-3 concentrations broken down by 
periods of different influence. (●): Median for entire campaign, (□): during N air mass, (*): 
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between NNADH enhancements, (+): during NNADH enhancements. 
 
Figure 3 Median asymmetry factor (AF) histograms (i) of NNON (grey) and NNADH (blue) during 
enhanced NNADH (dashed) and intervening periods (solid), and (ii) NTOT (black), NNADH  and NTRY 
(green) through the period 22 to 29 June 2010. 
 
Figure 4 Median APS aerosol number size distributions during NNADH enhancements and the 
intervening times with urban UK data for comparison 
Paper 3 
 
18 
 
Figure 5 Comparison of PDD WIBS-3 data with Manchester, UK (Urban) and beneath a 
tropical rainforest (Borneo, Malaysia). “Both” refers to particles fluorescent in the Tryptophan 
and NADH channels. 
Tables 
 Start time 
Duration 
(hours) 
Spores, 
yeasts 
l-1 
Bacteria 
l-1 
APSN  
DA > 2 µm 
l-1 
WIBSN   
DP > 1 µm 
l-1 TRYN  NADHN  
A 25 Jun 15:00  24 0.78 3.4 238  230  9.7        99.5  
B 27 Jun 00:00  7 1.5 33 175  178  8.9    105.2  
C 27 Jun 08:00  10 1.3 2.2 173  172  11    81.8    
D 27 Jun 19:00  14 2.7 22 153 168 10.6 97.8 
Table 1 Filter sample times and durations, ELPI concentration results and corresponding WIBS 
and APS mean number concentrations.  
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r(x,y) NE N NW NE, non-
enhanced 
NNADH  
NE,  
enhanced 
NNADH  
r(NTOT, NNON) 0.87 0.97 0.96 0.91 0.88 
r(NTOT, NNADH) 0.20 0.68 0.56 0.49 0.10 
r(NTRY, NNADH) 0.13 0.53 0.49 0.49 -0.17 
r(NNADH, NNON) -0.31 0.49 0.31 0.08 -0.39 
r(NTRY, NNON) 0.41 0.37 0.63 0.53 0.33 
 
Table 2 Correlation coefficients (r) between WIBS-3 number concentrations, broken down by (i) 
modelled air mass origin and (ii)  times of non-enhanced and enhanced NNADH/NTOT from 22 to 29 
Jun, which are taken to be 10:00 to 20:00 LT and 23:00 to 06:00 LT respectively. 
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5. Conclusions 
This work has covered three main themes: (i) interpreting data from the 
different WIBS-3 measurement channels, (ii) the nature of different fluorescent 
particle populations and (iii) the processes governing fluorescent particle 
concentrations in different environments. 
The three fluorescence channels of the WIBS-3 and their behaviour are described 
with increasingly detailed supporting analyses in each paper to highlight whether 
PBA or fluorescent non-PBA are being measured. In this concluding discussion of 
results, the concentration of particles fluorescent in channel FL1_280 is referred to 
as NTRY, NNADH refers to channel FL2_370 and NNADH2 to channel FL2_280, with the 
final three numerals corresponding to the excitation waveband of interest.  
5.1.  Summary of paper conclusions 
5.1.1.  Above and below the Borneo rainforest canopy (paper 1) 
The majority of the fluorescent material seen in the Borneo forest 
understorey is concluded to be fungal spores released in the trunk space. These are 
fluorescent in FL1_280 and FL2_370 and feature a diurnal concentration cycle, 
varying from ~50 l-1 at midday to ~1,000 l-1 in the afternoon and at night. ESEM 
images revealed a range of spore species was present therefore this data represents 
a generic population of freshly released fungal spores. The recorded diurnal cycles 
are similar to those at other tropical rainforests.  
Above-canopy data shows that similar fluorescent particles are present at 50—
200 l-1 with a weak diurnal cycle that peaks in the late afternoon and evening. 
While this concentration is much less than below the canopy it is still the largest 
recorded at any site by the WIBS-3. 
After Paper 1 was published, a laboratory experiment was performed to show that a 
particular fungus (Chrondrostereum purpureum) took 2—3 hours to release spores 
after being hydrated. Rainfall data from the above-canopy site and humidity data 
from below were used to construct a basic spore release model. The timing of 
spikes in modelled spore concentration approximately matched the onset of the 
fluorescent number spikes. It is therefore concluded that rainfall is a key contributor 
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to the active spore release mechanism. In the paper a proxy correlation was reported 
between increased relative humidity and spore release, but each are caused by 
rainfall.  
5.1.2.  Manchester and Borneo compared (paper 2) 
This paper compares the observed fluorescence and inelastic scattering 
properties of mixed, fresh ambient PBA in the rainforest understorey and the urban 
fluorescent aerosol (Manchester). The latter is likely to be affected by false 
positives from combustion aerosol and fluorescent dusts and this was investigated. 
Several key differences emerge between the two environments: 
• Fluorescent size modes are internally consistent at each site, appearing at 
1 µm in Manchester and 2—4 µm in Borneo. 
• Fluorescence intensity in FL2_280 is correlated positively with that in 
FL2_370 at both sites and a linear relationship between the two is clear in 
Manchester but not Borneo. 
• NTRY ≈ 0.3NNADH in Manchester whereas NTRY ≈ NNADH in Borneo, yet 
laboratory tests show both channels excite and detect fluorescence in a 
similar number of fungal spores and bacteria are detected more efficiently in 
FL1_280. 
The ratio of fluorescence intensity between pairs of channels was also evaluated as 
a function of DP at both sites.  The FL1_280:FL2_370 ratio has a stronger DP 
dependence in Manchester than in Borneo because of a divergence in intensity 
between these channels at DP ≥ 4 µm. This was a key finding and indicates a second 
“species” of particle exhibiting both types of fluorescence in Manchester, with the 
FL1_280 channel providing the discrimination. 
5.1.3.  Measurements at 1500 m altitude (Paper 3) 
Paper 3 shows that a high altitude background site can still feature a 
significant NNADH contribution in the size range 2—3 µm with concentrations 
ranging between 100—200 l-1.  Bacterial counts recorded previously and during the 
campaign ranged from 3—30 l-1. NNADH exceeded this level significantly throughout 
the campaign and is concluded to be dominated by false positives from non-urban 
aerosol. NTRY was comparable to the bacterial count, but it was not possible to 
unambiguously relate the two since they did not exhibit any common variation. The 
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potential for artefacts due to the cascade sampling approach may be responsible for 
this discrepancy. 
Diurnal and longer-term NNADH variations suggest the fluorescent material did not 
originate in the vicinity of the site but suggest (i) some transport from NE France 
and (ii) a ubiquitous background. These features were distinguishable using the AF 
channel. 
5.2.  WIBS-3 suitability for outdoor sampling 
1.  The missed particle count was found to peak at ~10% in outdoor 
environments, indicating ambient concentrations are well within the 
WIBS-3 capacity for fluorescence measurements. 
2. The onset of coincidence effects caused by large concentrations of 0.4—
0.6 µm particles was observed during WIBS-3 laboratory experiments. 
This increased the concentration reported at ~1 µm but is unlikely to cause 
problems in outdoor environments (including Manchester) because the 
concentration there is much smaller. 
3.  The 1 µm size mode reported by the WIBS-3 in some environments has 
not been corroborated by a GRIMM OPC or TSI APS, each of which 
reported increasing concentration with decreasing particle diameter. The 
WIBS-3 total reported concentration is comparable with the GRIMM OPC 
in the size range 0.8—20 µm, therefore the 1 µm mode is concluded to 
comprise 0.8—1 µm material. 
5.3.  Interpreting WIBS-3 measurements 
1. FL1_280 is more sensitive to bacterial fluorescence than FL2_370 in the 
laboratory and offers additional discrimination in urban environments 
when paired with FL2_370.  A large excess of NTRY compared with NNADH 
in outdoor air would be unusual in light of measurements to date, and 
should be investigated as a bacterial event.  The only instances of NTRY 
approximately matching NNADH relate to fungal spores being sampled, 
either in the laboratory or in the rainforest understorey. 
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2. That NTRY is consistently less than NNADH in Manchester and pdD is not 
necessarily proof that more ambient non-PBA are fluorescent following 
370 nm excitation.  Histograms of fluorescence intensity in each channel 
peak at the lowest intensity intervals, therefore most of the reported NNADH 
and NTRY are likely to be under-estimates because of sensitivity limitations, 
despite the fact that both channels detect PBA fluorescence readily in the 
laboratory. 
3. The fluorescence intensity recorded from laboratory samples of PBA and 
fluorescent dusts exhibited a large spread but varied systematically 
between specimens. Outdoor FL1_280 and FL2_370 intensity does not 
show such structure aside from a general positive trend when plotted 
against DP. False-positives, PBA age, ambient relative humidity and any 
particle coatings or attachments are likely to broaden the range of 
intensities from outdoor aerosol, so applying thresholds for classification is 
difficult. 
4. Particles can be classified by the presence, rather than intensity, of 
fluorescence in different combinations of channels, as this is a proxy for 
spectral features. Whilst each channel detects different PBA types with 
varying efficiency, laboratory measurements show that the two are 
positively correlated when sampling PBA.  
5. The AF channel provided discrimination in clean environments with 
comparable fluorescent and non-fluorescent particle concentrations 
(Borneo and puy de Dôme) and exhibited features contrary to instrument 
artefacts and were therefore likely to be real.  The AF distributions 
associated with urban regions were indistinct and provided no additional 
information.  
6. The high time resolution provided by LIF allows the concentration of 
fluorescent particles to be linked to environmental drivers. For example, an 
increase in fluorescent aerosol connected with higher relative humidity 
following rainfall suggests fungal spore emission.  Other aerosol emission 
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processes such as resuspension are likely to be suppressed during such an 
event, and enhanced during rush hour in a city.  
5.3.1. Supplementary data collection requirements for the WIBS-3 
1.  ESEM and EDX should be used to analyse a filter sample obtained 
alongside the WIBS-3 for a subset of any given campaign. This offers a 
reliable source of information on the likely importance of PBA in the 
coarse mode aerosol. 
2.  An OPC sensitive to a wider range of particles sizes than the WIBS-3 
should be used alongside it to verify whether coincidence effects are likely 
to affect the collected data, and also to provide better context about aerosol 
processes relevant at smaller particle sizes.   
3.  No inlet or sample flow rate monitoring is provided by the WIBS-3, and 
the timings of the Xenon pulses depend upon the assumption of a 
0.238 l min-1 ± 5% sample flow rate. The inlet flow rate should therefore 
be monitored periodically (or continuously) and corrected if necessary to 
ensure reliable fluorescence data and accurate concentration estimates 
5.4. Summary of ambient WIBS-3 number concentrations 
 
Figure 30 Median, upper and lower quartiles of NTRY and NNADH, and PBA number from 
WIBS-3 outdoor studies. 
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The WIBS-3 also sampled ambient aerosol at a number of other outdoor sites, and 
these are named and described briefly in Table 7. 
Table 7  List of additional WIBS-3 datasets from various sites along with their durations and 
approximate start dates. 
 
The median, upper and lower quartiles of NTRY and NNADH at each location are 
plotted in Figure 30 and are compared with the relevant PBA measurements from 
Chapter 2: Manchester is compared with Vienna, Borneo rainforest understorey 
with Queensland understorey, Borneo above-canopy with Queensland above-
canopy and Amazonia forest clearing, and the coastal sites of Weybourne and Mace 
Head are compared with Lizard (Cornwall).  The plot is limited to particles with 
DP ≥ 1.5 µm because of the likelihood that smaller fluorescent particles are mostly 
false-positives and the most numerous PBA (bacteria and fungal spores) are 
associated with larger particles. 
NTRY usually overlaps the PBA number at similar (or the same) sites.  The 
agreement is actually best in a tropical rainforest if early WIBS-3 data is used, but a 
decline in PBA number at the end of the Borneo campaign skews the results 
downward.  NNADH is larger than median NTRY (and PBA concentration) everywhere 
other than in the Borneo understorey. This difference ranges from 30 l-1 above 
Speulderbos to 74 l-1 at Weybourne.  Whilst NNADH and NTRY are similar beneath the 
Borneo rainforest canopy, above it the median difference expands to 48 l-1. A 
ubiquitous background such as that observed at puy de Dôme, where the median 
difference is 70 l-1, would explain this discrepancy at DP ≥ 1.5 µm.  
Location Type Duration Date 
Manchester Urban 1—6 weeks 2008—2010 
Speulderbos, Netherlands Pine forest understorey 1 week June 2009 
 15 m above canopy 2 days 1 July 2009 
AIDA Facility, Germany Urban/rural 2 weeks October 2009 
Weybourne, Norfolk Coastal 1 week July 2009 
Mace Head, Ireland Coastal 3 weeks December 2010 
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Several months of WIBS-3 data was collected in Manchester between 2008 and 
2010, and shows that while NNADH and NTRY are larger in summer than in winter 
there is no systematic seasonal variation when each month is compared in a time 
series.  The differences between Mace Head and Weybourne NTRY may be related to 
the fact that the fetch lay across land for almost all of the Weybourne experiment 
whereas the air mass origin at Mace Head switched between terrestrial and marine.  
Harrison et al. (2005) recorded bacteria concentrations at a remote coastal location 
and found mostly land-based bacteria because of the same issue. 
Work in and close to coniferous forests (Speulderbos and the Black Forest) shows 
mid-range NNADH that is increased below the canopy of Speulderbos (albeit 
compared with a limited above-canopy dataset). NTRY is also larger around forests 
than at coastal and urban sites, which is consistent with coniferous forest being a 
PBA source, albeit a much weaker one than tropical rainforest. 
5.5.  PBA flux and global emission estimates 
Eddy covariance analysis was performed using WIBS-3 and sonic 
anemometer data from the Borneo forest understorey, but these were limited by the 
small sample volume of the instrument and relatively low concentrations of coarse 
mode aerosol compared with smaller particles. It was concluded that at 5 Hz the 
WIBS-3 is not suitable for this measurement type under typical PBAP 
concentrations. A gradient flux, however, can be estimated from the Borneo 
measurements of likely fungal spore concentrations above and below the canopy, 
although the technique assumes a layer of constant flux and simultaneous 
measurements at each height, neither of which are met in this case. Assuming the 
average diurnal variability below and above the canopy remained consistent for the 
measurement period this allowed a net flux to be estimated of 260 m-2 s-1 (for 
particles fluorescent in both FL1_280 and FL2_370). This consistency was not the 
case in the understorey, where a longer-term reduction in the coarse mode aerosol 
concentration (measured by an OPC) continued into July. This reduces the result by 
~50% although no corresponding decline in total coarse number was recorded by 
the above-canopy APS. 
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Alternatively, the minimum net vertical flux needed to sustain the mean fluorescent 
particle size distributions above a source region can be estimated based on the 
concentration and estimated sedimentation velocity of particles. Median “F1_280 
and F2_370” particle size distributions were used from Borneo and Karlsruhe as 
this data is the most likely to represent PBA and these datasets are the longest 
samples obtained close to forest regions. The equivalent data from Puy de Dôme is 
also included to estimate the global flux needed to maintain a ubiquitous 
background of this fluorescent aerosol over land. 
The mass flux per square metre of land per year can be estimated by assuming 
spherical particles with density of 1 g cm-3, and subsequently scaled using the 
global extent of tropical evergreen, temperate coniferous and non-desert land from 
Melillo et al. (1993).  The results are shown in Table 8, where the upper and lower 
quartiles illustrate the sensitivity of these estimates to the measured concentrations. 
These estimates are very simple and do not take into account seasonal or 
geographical variations in emission rate, which are likely to reduce the estimate for 
temperate regions. A larger result is likely if more vegetated regions (including 
deciduous and boreal forests, agriculture and grassland) were taken into account, 
but data is not available for these.  
Table 8  Number, mass and global mass flux estimates of fluorescent particles.  Median, 
upper and lower quartiles are presented for each. 
 Flux  
[m-2 s-1] 
Mass flux 
[g m-2 yr-1] 
Scaled to global emission area 
[Tg yr-1] 
Tropical evergreen 95
3157  67.0 14.035.0  6.115.21.6  
Temperate coniferous 30
920  
22.0
03.018.0  
52.0
08.043.0  
Background 7
25  07.0 005.005.0  22.0 03.018.0  
 
Table 9 sets this result against the previous global estimates discussed in Chapter 2. 
The mass fluxes in Borneo and Germany have a similar relationship to the 
spatially-resolved PBA mass emission estimates by Heald and Spracklen (2009) at 
these locations. They estimate around 0.9 g m-2 yr-1 over Borneo and 0.3 g m-2 yr-1 
over Germany in general whereas the fluorescence-based estimates are less than 
half of these. Whilst greater spore number concentrations have been measured in 
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Amazonia, these results suggest Mannitol is an appropriate tracer for fungal spore 
release but the spore yield per unit mass of Mannitol may need revising downward.   
It is also important to note that 99% of the total LIF-derived mass fluxes are 
provided by material with DP ≥ 4.5 µm in Borneo and DP ≥ 12 µm in Karlsruhe. 
This is at odds with the results from Heald and Spracklen, who report that 25% of 
the emitted mass is in the fine mode.  It also dominates the contribution from any 
bacteria that may be present in the WIBS-3 data, since these results are significantly 
larger than the bacterial emission estimate derived by Burrows et al. (2009). 
Table 9  Comparison of global spore/PBA emission rates with this work 
Emission rate estimate [Tg yr-1] Particle type Source 
~ 6.6 (Fluorescent) Fluorescent This work 
56 PBA Penner (1995) 
1000 PBA Jaenicke (2005) 
50 Fungal spores Elbert et al. (2007) 
28 Fungal spores Heald and Spracklen (2009) 
~1 (Europe) 
~10 (World) 
PBA Winiwarter et al. (2009) 
0.04—1.8  Bacteria Burrows et al. (2009)  
 
This estimate should be considered conservative because it does not include the 
influence of other vegetated regions (including boreal and deciduous forests, 
agriculture and grassland) that would likely increase it through their large 
geographical extent rather than intense fluxes.  
The Winiwarter et al. (2009) estimate of 1 Tg yr-1 would not be exceeded by 
temperate coniferous forest in Europe but it is not clear how biomass burning 
increases both sets of results: theirs through the associated fungal spore transport 
and the WIBS-3 estimate through false-positives from combustion aerosol. Even 
when the highly uncertain result (due to land use assumptions and false positives) 
for the global background mass flux is incorporated, the total is still comparable to 
the tentative global estimate from Winiwater et al. 
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5.6.  The use of LIF for PBA monitoring 
Fluorescence and elastic scattering can rarely distinguish PBA from non-
PBA unambiguously, but the results obtained beneath the canopy of a tropical 
forest are encouraging for determining fungal spore counts in this type of 
environment.  This is a difficult measurement to perform using traditional methods, 
but the dataset represents a way that spore number in this ecosystem can be 
monitored automatically for long periods at high temporal resolution.  Subsequent 
analysis of the environmental factors leading to spore release could be performed 
more easily than in previous studies (e.g. Grinn-Gofroń and Mika, 2008; Jones and 
Harrison, 2004; Troutt, 2001; Allitt, 2000; Spiers, 1985) because of these 
advantages. 
Interpreting ambient fluorescence measurements is hampered by a lack of published 
fluorescent size distributions and number concentrations for all environments. This 
work has made available representative size distributions for urban, PBA-
dominated and background elevated sites, all of which feature significant 
differences and allow influences to be identified more readily. The wavelengths 
used by the WIBS-3 are comparable to those used by other groups that have 
measured ambient particle fluorescence spectra but did not measure concentrations. 
With regard to the use of UV-LIF to trigger microbiological detection equipment, 
thereby saving resources, a Tryptophan channel is concluded to be more 
appropriate for this task than an NADH channel because it is better suited to 
measuring bacterial fluorescence. The net result of the studies featured in this work 
suggests that a Tryptophan channel can measure PBA fluorescence reliably using a 
sensitivity level that detects only a small number of ambient false-positives 
compared to a NADH channel. 
Particles fluorescent in both channels typically range from 1—20% of the total 
ambient aerosol concentration (0.8 ≤ DP ≤ 20 µm), with the largest percentage 
found at larger DP. Whilst LIF results usually include some non-PBA the 
information gathered allows the total aerosol size distribution to be constrained to a 
“maximum PBA” parameter. This designation is used because PBA is likely to be 
detected quite reliably amongst the false positives. It could be used in cloud physics 
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models as it is a size range relevant to assess the maximum biological contribution 
to aerosol-cloud feedback processes.  
5.7. Future work 
• Intercomparison with the next-generation WIBS should determine if the 
reason for the consistent NNADH > NTRY feature is related to instrument 
sensitivity or if it is a genuine feature of the aerosol in most locations. 
• Additional measurements could be carried out at elevated sites to determine 
whether the background of NNADH is indeed ubiquitous in time and space. 
• Detailed investigation of the Mace Head dataset would give greater insight 
into the offshore and onshore sources of fluorescent material at coastal sites 
and allow the fluorescent signature of peat burning (present on occasion at 
Mace head) to be established. A brief analysis shows a large absolute NNADH 
increase and a small NTRY increase, but the fractional increase of both is 
comparable. 
• Moist fungal spores were found to exhibit lower fluorescent intensity in the 
laboratory, but it is not clear what the effect is on non-PBA. The effects of 
drying the inlet flow could be investigated (i) for increased consistency in 
fluorescence measurements and (ii) to exploit any difference between PBA 
and fluorescent non-PBA. 
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6. Other publications resulting from this work 
6.1. Co-Authorships on journal articles 
MacKenzie et al (in press). The atmospheric chemistry of trace gases and 
particulate matter emitted by different land uses in Borneo (in press). Philosophical 
Transactions of the Royal Society (2011). 
J. Whitehead et al. (2010). Aerosol fluxes and dynamics within and above a tropical 
rainforest in South-East Asia. Atmospheric Chemistry and Physics (2010). 
W.R. Stanley et al. Continuous bioaerosol monitoring in a tropical environment 
using a UV fluorescence particle spectrometer. Atmospheric Science Letters 
(2010). 
 
6.2. Conference abstracts 
European Aerosol Conference, 2011 
Fluorescence and bioaerosol measurements at a high-altitude site (Puy de Dôme) 
A.M. Gabey, M. Vaitilingom, E. Freney, M.W. Gallagher, K. Sellegri, W.R. 
Stanley, P.H. Kaye 
American Association for Aerosol Research, 2011 
Fluorescent and Biological Components of Coarse-mode Aerosol at a High-altitude 
Site (puy de Dôme) 
A. Gabey, M. Vaitilingom, E. Freney, M. Gallagher, K. Sellegri, J. Boulon, W.R. 
Stanley, P.H. Kaye 
European Geosciences Union Meeting, 2009 
Characterising coarse PBA dynamics in real-time above and below tropical 
rainforest canopy using a dual channel UV fluorescence aerosol spectrometer. 
A. Gabey, M.W. Gallagher, R. Burgess, H. Coe, G, McFiggans, P.H. Kaye, W.R. 
Stanley, F. Davies,  V.E. Foot 
The Aerosol Society Meeting, 2009 
Use of Single Particle Fluorescence Spectrometry to Investigate Primary Biological 
Aerosol Dynamics in a SE Asian Tropical Rain Forest.  
A. Gabey, M.W. Gallagher, J.D. Whitehead, J. R. Dorsey, R. Burgess, G.B. 
McFiggans, P.H. Kaye, W.R. Stanley, J. Ulanowski, K.N. Bower, N.H. Robinson, 
E. Nemitz. 
American Geophysical Union, Fall Meeting 2008 
Biological Particle Emissions from a South-East Asian Tropical Rainforest Using a 
Real- Time Dual Channel UV Fluorescence Bio-Aerosol Spectrometer. 
National Centre for Atmospheric Science Conference, 2008 
Characterising the coarse biological aerosol population above and below a tropical 
rainforest canopy using a dual-channel fluorescence spectrometer. A. Gabey, P. 
Kaye, W.H.Stanley, V. Foot. 
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